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Summary 
In recent years, hydrocarbon emissions, caused by evaporation of the gasoline during 
vehicle operation, vehicle refueling at gas station and gasoline unloading, have drawn 
increasing research attention because of environmental concerns.  Firstly, in the current 
work, the adsorption characteristics of gasoline vapor for four types of activated carbon 
adsorbents are investigated using thermal gravimetric apparatus (TGA) under 
isothermal conditions.  The experimental results are correlated into D-R isotherm 
model, LDF kinetics model and heat of adsorption, which are greatly lacking in the 
published literature.  The type Maxsorb III activated carbon is found to have 
significantly high absorbability to the gasoline vapor (up to 1.2 g/g) owing to its high 
surface area and pore volume.  In addition, the effect of initial bed pressure on the 
adsorption rate is investigated near the atmospheric condition and correlated in an 
exponential form based on the transition theory, which is useful for practical system 
design.  Secondly, with the gasoline adsorption characteristic correlations, a numerical 
simulation on an adsorption apparatus using type Maxsorb III activated carbon as 
adsorbent and a finned-tube heat exchanger as adsorber (supplied alternatively with 
cooling and heating fluid to aid in the adsorption and desorption process), is established, 
and such adsorption apparatus is fabricated and tested for a range of cooling and 
heating temperatures.  Both the simulation and experimental results show a good 
agreement and high gasoline vapor uptake (up to 1.12 g/g) can be achieved. 
Experimental results are also correlated into isotherm and kinetic expressions, and a 
sample of results compared with those of TGA experiments to check their accuracy. 
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δ Thickness of evaporator wall, m evp 
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δ Thickness of sample, m sp 
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θ Surface coverage 
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µ Chemical potential of adsorbed adsorbate, kJ/kg a 
µ Chemical potential of gas phase adsorbate, kJ/kg g 
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µ Chemical potential of adsorbent, kJ/kg s 
µ1, µ Variables for pore shape distribution 2 
ν Kinematic viscosity of gasoline vapor, mg 2
ν
/s 
Kinematic viscosity of water, mw 2
ξ 
/s 
Correlation factor in fin efficiency 
ρ Density of air, equal to 1.21 kg/mair 
ρ
3 
Density of gasoline vapor, kg/mgv 
ρ
3 
Density of gasoline liquid, kg/mgl 
ρ
3 
Density of water, kg/mw 
σ
3 
1, σ Variables for pore shape distribution  2 
Φ Correlation factor in effective thermal conductivity 
ψ Correlation factor in fin efficiency 
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In recent years, air pollutions caused by gasoline vapor emissions from vehicles and at 
gas stations have attracted much attention because of environmental concerns [1-3]. 
Gasoline automobiles produce two types of emissions: the exhaust emissions from the 
by-products of combustion such as CO, CO2
1.2 Motivation  
, NOx and sulfur, and the evaporative 
emission from the evaporation of the fuel during refueling. The control of the 
hydrocarbon emissions caused by evaporation of the gasoline during vehicle operation, 
vehicle refueling at gas station and gasoline unloading is the main objective of the 
current research. A successful method of controlling refueling emission will help to 
reduce the health and safety risk of personnel who are exposed to such emissions. The 
contents of unburned gasoline vapor are benzene, dimethyl benzene, ethyl benzene and 
other hydrocarbons. It has been reported [3] that such gases can react under ultraviolet 
radiation in atmospheric air, produce more toxic photochemical smog and threaten the 
health of people. 
 
Evaporative emission accounts for about 20% of the emitted hydrocarbons from 
vehicles. A recent European study found that 40% of man-made volatile organic 
compounds come from vehicles [4], which are released to the atmosphere as follows: 
(1) Refueling: As gasoline vapors are always present in fuel tanks, these fuel 
vapors are forced out when the tank is filled with liquid fuel. 
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(2) Running Losses: Heat from hot engine can vaporize gasoline when the 
vehicle is running. 
(3) Diurnal Losses:  This occurs during the day time when the fuel is heated by 
an increase in surrounding temperature. The temperature rise leads to 
gasoline vaporization. 
(4) Hot soak: After a vehicle is turned off, the engine remains hot for a period 
of time and the radiant heat will also cause gasoline vaporization for an 
extended period. 
Strategies of evaporative emission controls include onboard evaporative emission 
control and emission control at gas station as well as restriction on gasoline volatility.  
Since legislation passed in the United States in 1970 to prohibit venting of fuel vapor 
into the atmosphere, the onboard (vehicle) evaporative emission control apparatus, 










Figure 1.1 Schematic of onboard (vehicle) evaporative emission control 
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The function of the apparatus is to trap and store fuel vapors that are emitted from 
the fuel tank. When the engine is started, the adsorbed gasoline vapor is purged out of 
the adsorbent (carbon) by the ambient air and drawn by engine vacuum into the 
manifold for combustion in the engine. However, the drawbacks of the apparatus are: 
(1) the moisture drawn into the canister with purge air could freeze or even block the 
purging in cold weather [5]; (2) a decrease in adsorption capacity due to exothermic 
adsorption process on hot days; (3) insufficient purging caused by a large pressure 
resistance across the densely packed carbons, leading to the deterioration of the 
adsorption capacity and (4)
The adsorption method is generally categorized into pressure swing adsorption 
(PSA) and thermal swing adsorption (TSA) types. In PSA systems, high pressure 
carrier gas is used to accomplish the adsorption of adsorbate vapor into adsorption beds, 
whilst using reducing pressure or vacuuming for desorption. A PSA system is suited to 
rapid cycling and separation process, but it has high mechanical energy consumption 
and operates at very low desorption pressures. In addition, it occupies a large foot-print 
and has high operation and maintenance costs.  In TSA systems, the adsorption bed is 
 sub-emission due to the exposed configuration to the 
atmosphere. 
Gasoline recovery at the gas station is another strategy that captures gasoline 
vapor when a vehicle is refilled.  The emitted vapors are drawn in and disposed by 
central treatment facilities. The commonly used techniques are adsorption, absorption, 
condensation, direct combustion and membrane.  Adsorption technology is a promising 
method because of the low energy consumption, no moving parts, and little 
maintenance required. With the adsorption method, the evaporated gasoline vapor is 
captured in the adsorption bed and adsorbed by activated carbon, activated carbon fiber 
or silica gel adsorbent.  The adsorbed vapors could be thus desorbed by means of 
reducing pressure (vacuuming), thermal heating and vacuum-assisted thermal heating. 
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regenerated by heating, either by a stream of hot gas or hot water available from waste 
heat. TSA systems are preferred for strongly adsorbed species of adsorbates and for 
systems containing several adsorbates of different adsorption affinities because the 
thermal adsorption is more effective than that due to pressure swing from the view of 
thermodynamic potential.  
For a practical adsorption system, the preferred adsorbent, such as activated 
carbon (AC), is predominantly microporous. AC is a versatile adsorbent as it has an 
extremely high surface area and micropore volume. Its bimodal or trimodal pore size 
characteristics allow good access of adsorbate molecules to the interior surfaces [6].  It 
is thus widely used in many applications including decolorizing sugar, water 
purification, solvent recovery, gas purification, fuel gas desulphurization, gas 
separation and air purification. AC can be produced from a variety of carbonaceous raw 
materials such as coal, coconut shells, wood and lignite. The intrinsic properties of the 
activated carbon are dependent on the raw material source. As gasoline vapor contains 
hydrocarbons, the nonpolar activated carbon surface that tends to be hydrophobic and 
organophilic, has the affinity for organic pollutants like benzene and is therefore 
suitable for the adsorption of gasoline vapors [7]. 
For the proper design of an adsorption system for gasoline evaporative emission 
control, the adsorption characteristics of gasoline vapor on activated carbon adsorbents 
are required. However, a survey of literature indicates a great lack of information 
available in this regard. As gasoline vapor has many chemical species (up to two 
hundred) such as groups of n-paraffin, iso-paraffin, cylco-paraffin, olefins and 
aromatics, the adsorption characteristics study becomes challenging. 
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1.3 Objectives 
The current study is an experimental investigation of the adsorption characteristics of 
gasoline using the best commercially available carbon-based adsorbents including 
pitch-based powder type Maxsorb III activated carbon, anthracite-based pellet type 
PAC-1 activated carbon, wood-based granular type GAC-1 activated charcoal and 
activated carbon fiber felt type ACF-1500. The study covers the broader aspects of 
adsorption characteristics including the adsorption isotherm and kinetics of gasoline/ 
carbon-based adsorbents pairs, heat of adsorption, thermal conductivity and pore-
related surface characteristics of the activated carbon adsorbents. A mathematical 
model of the adsorption system using novel finned-tube adsorption bed for the gasoline 
evaporative emission control is developed and presented in the thesis. Based on results 
of simulations, a bench-scale gasoline vapor adsorption apparatus using finned-tube 
heat exchanger has been designed and fabricated.  The finned-tube adsorber shows high 
adsorption capacity and thus has promising potential in evaporative emission control 
for use onboard the vehicle and at gas stations. 
 
1.4 Scope of the Thesis 
In this thesis, Chapter 1 introduces the background and objectives of this study.  
Chapter 2 presents a thorough review of the available literature on aspects of the 
adsorption characteristics of gasoline vapor and gasoline evaporative emission control 
systems. There is a dearth of information on the adsorption characteristics of gasoline 
compounds, and published work is associated with the pressure swing rather than the 
temperature swing method. It is the latter approach that is used in the current work. 
Chapter 3 presents the experimental investigation of the surface characteristics 
including surface area, pore radius, pore volume and pore size distribution of four types 
of carbon-based adsorbent, viz. (i) the pitch-based powder type Maxsorb III activated 
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carbon, (ii) the anthracite-based pellet type PAC-1 activated carbon, (iii) the wood-
based granular type GAC-1 activated charcoal and (iv) type ACF-1500 activated 
carbon fibre. The pore surface characteristics are used in identifying a suitable 
adsorbent for gasoline adsorption, which in turn determines the adsorption capacity.   In 
addition, the thermal conductivity of type Maxsorb III activated carbon, which is 
needed for computation of the overall heat transfer coefficient for adsorbent-adsorbate 
heat exchanger, is investigated experimentally. 
Chapter 4 describes the experimental studies on the gasoline adsorption 
isotherms, kinetics and heat of adsorption with the four selected carbon-based 
adsorbents. This fundamental information is needed for the design and modeling of the 
gasoline adsorption evaporative emission control system.  Studies are firstly conducted 
for vacuum conditions where the Dubinin-Radushkevich (D-R) isotherm model is 
found to be suitable for correlating the experimental data and to predict the adsorption 
isotherm. The linear driving force (LDF) model is employed successfully to represent 
the adsorption kinetics. In addition, by applying classical thermodynamic theory, the 
isosteric heat of adsorption is derived as a function of adsorption temperature and 
adsorbent surface coverage, which may result in a more accurate approximation than 
that from the generally used Clausius-Clayperon method. In the last part of this chapter, 
experimental results for near atmospheric conditions are presented in aspect of 
adsorption rate, which is applicable and useful for the practical vehicle evaporative 
emission control system. 
Chapter 5 presents the thermodynamic modeling and mathematical simulation 
of the thermal swing adsorption system for gasoline evaporative emission control. A 
finned-tube adsorption bed supplied alternatively with cooling and heating fluid to aid 
in the adsorption and desorption processes, is modeled.  The simulation results are 
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discussed under a range of operating conditions of cooling and heating water 
tempratures. 
Using the simulation results, an experimental test rig comprising eight finned 
tubes with vapor spaces in-between is designed. Details of the rig are described in 
Chapter 6.  Vapor is introduced into the chamber and diffused into carbon adsorbents 
that are packed between circular fins. Experiments have been conducted under 
conditions of varying cooling and heating water temperatures, and the results are 
verified against the simulations.  In addition, experiments are also conducted under the 
“no cooling” condition.  The experimental results confirm that adsorption capacity with 
cooling can be significantly enhanced by almost 30%. 
The conclusion of this thesis is presented in Chapter 7 and recommendations for 
future improvements have been made. 
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Chapter 2 
 
Even though the gasoline vapor evaporative emission controls for vehicles and at gas 
stations have drawn increasing attention in recent years, available literature on the 
fundamental adsorption characteristics of gasoline vapor is scarce.  This chapter firstly 
reviews studies on adsorption methodology and measurement. In later sections of the 
chapter, literature related to the adsorption characteristics of gasoline vapor and 




2.1  Adsorption Mechanism and Measurement 
2.1.1  Principle of Adsorption 
When a porous solid material is exposed to a fluid (gas or liquid), adsorption occurs 
with the accumulation of the fluid on the interface between fluid and solid.  The 
adsorbed fluid on the solid surface is termed adsorbate and the solid is called adsorbent.  
There are two types of adsorption: physisorption (physical adsorption) and 
chemisorption.  The former is a surface phenomenon and resembles the condensation of 
gases to liquids, in which an adsorbate is held onto the surface of the adsorbent by Van 
der Waal's forces [7,8].  These forces are physical in nature, which means that the 
process is reversible (using heat, pressure, etc.). Chemical adsorption involves a 
reaction between adsorbate and adsorbent resulting in chemical bond formation [9], and 
thus it may be irreversible.  This thesis deals with the former.  Physical adsorption is an 
exothermic process where heat is released during the vapor uptake.  The isosteric heat 
of adsorption can be higher than the heat of vaporization (condensation) of the 
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adsorbate by 30 to 100%, but it is recognized as much lower than that of the chemical 
adsorption process [7]. 
 
2.1.2  Adsorption Equilibrium  
When an adsorbent is in contact with surrounding fluid, adsorption takes place.  After a 
sufficiently long time, the adsorbents and the adsorbate reach equilibrium, i.e. W = f (P, 
T) [10], where T is the temperature, P is the pressure and W is the equilibrium uptake of 
adsorbed adsorbate in unit of g/g.  When the temperature is kept constant, the change in 
equilibrium uptake against the pressure is called the adsorption isotherm, W = f (P).  If 
the gas pressure is kept constant and the adsorbent temperature varies, the change in 
amount of adsorbate against the temperature is called the adsorption isobar, i.e. W = f 
(T).  Moreover, if the amount of adsorbate is kept constant, the change of pressure 
against the temperature is called the adsorption isostere, i.e. P = f (T).  
In an adsorption equilibrium study, the adsorption isotherm is more likely to be 
used to express the results of adsorption rather than isobar or isostere. The equilibrium 
isotherm is one of the important parameters in designing an adsorption process. The 
amount of adsorbent needed in an absorber is determined by the equilibrium data, 
which in turn determines the key dimensions and operation time of the adsorption 
system. 
The adsorption isotherms can have different shapes depending on the type of 
adsorbent, adsorbate, and molecular interactions between the adsorbate and adsorbent 
surface.  All adsorption isotherms can be grouped into one of the six types by the 
IUPAC classification as shown in Figure 2.1.  The first five types (I to V) were 
originally proposed by Brunauer et al (BDDT) [11] and type VI was included by 
IUPAC [9,12]. 
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Relative Pressure  
Figure 2.1 The IUPAC classification of isotherm 
 
 
The Type I, or Langmuir isotherm, is exhibited by microporous adsorbents, in 
which the pore size is not very much greater than the adsorbate molecular diameter.  It is 
concave to the relative pressure axis. It rises steeply at low relative pressure and attains 
a limiting value (equilibrium) when relative pressure approaches one. 
The Type II isotherm is concave to the relative pressure axis at low relative 
pressure, and then linear for a small pressure range where monolayer coverage is 
complete, and subsequently becomes convex to the relative pressure axis, indicating 
multilayer formations whose thickness increases progressively with increasing relative 
pressure. 
The Type III isotherm is convex to the relative pressure axis over the entire range, 
indicating a weak interaction between adsorbate molecules and the adsorbent surface.  
The adsorbed amount rises with the increase of the relative pressure because of pore 
filling. 
The Type IV isotherm behaves like that of Type II at low pressure, but levels off 
at high relative pressure. This type of isotherm is associated with capillary condensation 
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in mesopores and macropores, as indicated by a hysteresis loop at higher relative 
pressures. 
The Type V isotherm behaves like that of Type III at low relative pressure but 
levels off at high relative pressure. This type of isotherm shows poor adsorption at low 
relative pressure and shows a hysteresis at high relative pressure due to capillary 
condensation in mesopores and macropores. 
 The Type VI isotherm consists of discrete steps, which may be caused by 
multilayer formations in different ranges of micropores. 
 
2.1.3  Adsorption Kinetics 
In adsorption system design, the adsorption capacity of the adsorbent may be 
determined from adsorption equilibrium data.  However, if the operation time is limited, 
the dynamic adsorption kinetic data becomes important.  The system has to be designed 
based on the transient adsorption uptake data (in the required time period) rather than 
the equilibrium data. Thus the adsorption kinetics may dictate the size of a system, the 
quantity of adsorbent used as well as the capital cost. 
The Linear Driving Force (LDF) model [13] or pseudo-first order reaction model 
[14] is widely used [15-24] to express the adsorption kinetics for mathematical models 
of adsorption process design because it directly relates the transient adsorbed amount  
to the equilibrium adsorbed amount.  This simplifies the mathematical modeling.  The 
research work in the literature mentioned above covers various adsorption processes 
such as breakthrough behavior, air separation, moving bed systems, pressure swing 
adsorption and thermal swing adsorption refrigeration. Reid et al. [23,24] studied the 
adsorption of gases on molecular sieves carbon (MSC), and found that the adsorption 
kinetics follow a linear driving force (LDF), a combined barrier resistance/ diffusion 
model or Fickian diffusion depending on the experimental conditions, pore structure 
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and the electronic characteristics of the adsorbate.  El-Sharkawy et al. [21] and Saha et 
al. [22] found that the adsorption kinetics of ethanol on activated carbon fiber also 
follow an LDF model.   Sircar et al. [15] and Li et al. [16] derived the concentration 
profile using the LDF model for diffusion in a particle, which provided a useful 
mathematical approach for representing the adsorption characteristic of gas-phase 
adsorbate by activated carbons. Harding et al. [25] found that the LDF model can be 
used to represent accurately the adsorption of water vapor by activated carbon in a 
pollutant separation process.  Fletcher et al. [17,18] presented the experimental 
investigation on the adsorption kinetics of n-octane, n-nonane, methanol and benzene 
on type BAX 950 activated carbon . LDF model was found to be adequate to correlate 
the kinetic data. As these hydrocarbons are contained in the gasoline, their study 
provides very useful information for the adsorption characteristic study of gasoline 
vapor.  While there is much literature on the adsorption kinetics of hydrocarbons, there 
is a dearth of studies on the adsorption kinetics of gasoline vapor.  
 
2.1.4 Pore-related Surface Characteristics of Adsorbent 
In an adsorption system, the first step is to match the right absorbent-adsorbate pair. 
The adsorption capacity of such a pair is limited by the surface area, pore size, pore 
volume and pore size distribution.  These surface characteristic properties may be 
determined by either the gas adsorption or mercury porosimetry methods. The gas 
adsorption method is suitable for measuring micro- and mesoporous material with pore 
diameters less than 0.4µm, whilst the mercury porosimetry method is applicable to 
pores from 6 nm up to 900µm in diameter.  However, the latter cannot be used to 
evaluate the micropores (less than 2nm diameter by IPUAC definition).  As activated 
carbons used for the adsorption gasoline emission control system are normally 
microporous, the gas adsorption method is suitable in this study.  In the gas adsorption 
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method, nitrogen, argon or carbon dioxide gas can be used as adsorbate[26-28].  
Nitrogen gas adsorption [29] at liquid nitrogen temperature of 77.4 K is more widely 
adopted to determine the surface characteristics. At this cryogenic temperature, 
nitrogen adsorption on the surface and capillary condensation in the pores would take 
place. By measuring the amount of adsorbed adsorbate at various equilibrium pressures 
ranging from 0.001 torr to the saturation pressure of 760 torr, the isotherm curves are 
accurately expressed as a series of adsorption uptake versus pressure data pairs. A 
number of different theories or models can be applied to the isotherm data for 
determination of the surface area, pore volume and pore size distribution, etc. 
The total surface area per unit mass of adsorbent is one of the parameters to 
describe the magnitude of the pore development of the adsorbent. The Brunauer-
Emmett-Teller (BET) method [30] is the most widely used for the determination of the 
surface area of solid materials. 
The distribution of pore volume with respect to pore size is called pore size 
distribution (PSD).  Description of the pore structure in terms of PSD is useful for 
predicting the absorbability of adsorbents.  The definition of pore size follows the 
recommendation of IUPAC [31]: micropore (0 nm-2 nm diameter), mesopore (2 nm-50 nm 
diameter) and macropore (>50 nm diameter). Micropores can be divided into ultra-
micropores (< 0.7 nm) and super-micropores (0.7 nm-2 nm). 
The PSD for microporous solids can be obtained by density functional theory (DFT) 
[32,33], Horvath and Kawazoe (HK) [34], Dubinin-Astakhov(D-A) and Dubinin-
Radushkevich (D-R) [35].  The HK, DA and DR methods are based on the Kelvin 
equation [36] that relates pore size to condensation pressure.  As the Kelvin equation is 
derived from thermodynamic consideration and is accurate in large pore regions, these 
methods cannot give a realistic description of the micropores and may lead to the 
underestimation of pore sizes in pore size < 10 nm [37].  The DFT model is reported up-
Chapter 2 Literature Review 
    - 14 - 
to-date the most accurate for pore size distribution analysis over wide pore size ranges 
for industrial activated carbons and activated carbon fibers [38-40].  This method is 
used extensively in the latter chapter (Chapter 3), and its theoretical background is 
provided in Appendix A. 
 
2.1.5 Adsorption Measurement Technique  
Adsorption measurement is to determine the adsorption characteristics of adsorbent-
adsorbate pair, including isotherm, kinetics and heat of adsorption data. All these 
parameters are key variables for simulation and modeling of any adsorption process.   
Currently available adsorption measurement techniques or facilities can be found in 
the literature [8,26,31]. They can be basically classified into three types, i.e. 
volumetric [41], gravimetric [42] and gas flow [43]. 
 
2.1.5.1 Gas Flow Technique 
This approach, firstly proposed by Nelsen and Eggertsen [43], was a variant of gas 
chromatography.  It used helium as carrier gas and a gas flow meter was used to 
determine the partial pressure of the adsorbate. The adsorbed volume was determined 
from the peak area in the adsorption/desorption chart recorded by a potentiometer over 
a period.  This apparatus is simple, cheap and easy to handle, and no vacuum is 
required, and available gas chromatographers can be also modified for this approach.  
However, the measurement of the adsorbed amount is indirect and the method does not 
claim high accuracy. The method is usually applied for fast single point determinations 
of the specific surface area.  Multipoint measurements of isotherms become 
complicated. 
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2.1.5.2 Gas Adsorption Volumetric/Manometric Technique 
The volumetric method was first proposed by Emmett [44], in which the adsorption 
was measured by a mercury burette and manometer.  The amount of gas adsorbed was 
calculated by the gas volume change in the burette.  However, the mercury burettes are 













Figure 2.2 Schematic of volumetric/manometric apparatus 
 
Instead, the manometric method (Figure 2.2) has been widely used, where the 
adsorbed amount was determined from the pressure change of adsorbate in a constant 
sample volume. To measure nitrogen isotherms, the sample bulb was maintained at 
liquid nitrogen temperature in a Dewar vessel.  Certain amounts of nitrogen were 
admitted into sample bulb stepwise. At each step, the amount of vapor was fixed by 
isolating the sample bulb.  Due to the adsorption, the pressure in the confined sample 
volume decreased until equilibrium.  Thus, from pressure and volume, the gas volume 
consumed by adsorption was calculated using the general gas equation and taking into 
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account the gas remaining in the dead space of the sample bulb and associated pipe 
fittings.  This dead volume was calibrated in advance using helium.  As samples of any 
size can be investigated using suitable sample bulbs or containers, high sensitivity can 
be achieved but unfortunately not high accuracy due to the error in calibrating the dead 
space.  In addition, the two variables, pressure and adsorbed amount, are determined by 
only manometer and calibrated volumes, resulting in a larger measuring error which 
may be added up at each step of the adsorption isotherm.   Therefore, the volumetric 
method is not suitable for the measurement of gasoline adsorption isotherm and kinetic 
(Chapter 4 and 6) because the calculation of adsorbed amount based on the gas 
equation is not adequate for gasoline that contains more than a hundred species. 
 
2.1.5.3 Gas Adsorption Gravimetry 
In gas adsorption gravimetry, the adsorbed mass, adsorption pressure and temperature 
are measured directly and independently.  This technique is considered as well-
established and accurate, and became more popular in the adsorption measurement of 
volatile hydrocarbon compounds [45-48].  The gas adsorption gravimetry may be quite 
suitable for the adsorption of gasoline vapor because it dispenses with ideal gas 
equation. 
In the broad reviews of thermogravimetric measurements, Chihara and Suzuki 
[49] investigated the water vapor adsorption on the silica gel for the application of air 
drying. The adsorption isotherms were measured by using a quartz spring balance in a 
Pryex glass vessel. The adsorbent pellet was hung from balance in a glass tube which is 
immersed in a constant water bath.  However, the detailed measurement procedures and 
accuracy were not described.  Similar to the method of Chihara and Suzuki,  Lee et al 
[48] used quartz spring balance based on the gravimetric method for the adsorption 
measurement of non-polar (benzene, toluene, hexane, and cyclohexane) and polar 
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(methanol and acetone) adsorbate gases on silicate MCM-48.  They found that the 
experimental data were in good agreement with the predicted data by using different 
models.  Rouquerol et al [42] presented an automatic gravimetric apparatus, as shown 
schematically in Figure 2.3, for the nitrogen adsorption, where the adsorption amount 
was measured directly using symmetrical balance (Setaram MTB 10-8).  The sample 
was located in a sample bowl and isolated from surroundings.  Its temperature was 
changed and maintained by the furnace or cryostat, whilst pressure was controlled by 
the solenoid valve.  Data pairs of mass versus pressure were continuously recorded, and 
an accuracy of ±1 % of amount adsorbed was achieved. However, the transient 










Figure 2.3 Schematic of gravimetric apparatus 
 
Gruszkiewicz [50] studied water adsorption/desorption on microporous solids at 
elevated temperature by using an ORNL isopiestic gravimetric apparatus (Figure 2.4) 
with internal weighing. The equipment has an accuracy of about 1.0 mg.  The samples 
were placed on the pan of the internal electromagnetic balance. The position of the 
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balance beam was maintained automatically using a light source, a platinum mirror, 
and photo-resistors. The mass was then obtained based on the linear relationship with 
the electric current. 
 
 
Figure 2.4 Schematic of ORNL isopiestic apparatus 
 
Dreiabach et al. [51] used a combined gravimetric-volumetric method to 
measure the adsorption equilibria of binary gas/vapor mixtures on the activated carbon. 
The merit of this method is that it dispenses with the need to employ a gas 
chromatography or mass spectrometer for a binary mixture.  This system is however 
elaborate and very expensive.  Wang et al. [52] compared the experimental data for 
water vapor adsorption on the Fuji Davison silica gel by using a thermogravimetric and 
volumetric method (a constant volume variable pressure system). In that 
thermogravimetric method, argon gas was used to protect the balance and maintain 
pressure. Accuracy was limited as the measured pressure would inevitably be an 
overestimate of the actual vapor partial pressure. 
More recently, Wang et al. [47] investigated the adsorption of an aromatic 
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compound onto the activated carbon, silica gel and zeolite by using a static gravimetric 
apparatus. The mass change during adsorption was measured by electronic 
microbalance (Cahn C-33) with uncertainty of ±0.1 µg.  The experimental isotherm 
data were also found to be consistent with the data obtained by volumetric method.  In 
addition, a comparative study of the volumetric and gravimetric method was conducted 
by Belmabkhout et al. [53].  They concluded that the gravimetric method appeared to 
be more reliable due to the direct measurement of the adsorbed quantities.  However, if 
a strict experimental procedure was followed, the significant discrepancies between the 
gravimetric and volumetric method were not obvious. 
 
2.2 Adsorption Characteristic of Gasoline Vapor 
For the design of the adsorption evaporative emission control system, the adsorption 
characteristics of gasoline vapor on the activated carbon such as isotherms, kinetics and 
heat of adsorption are fundamentally design parameters. However, even though the 
adsorption of gasoline vapor by activated carbon has been used for vehicle carbon 
canister for more than 20 years, the correlations of fundamental adsorption 
characteristics of gasoline vapor have not been yet established, which might be due to 
the complex compositions of gasoline.  
Such work was reported by Fletcher et al [17,18], Karpowicz et al. [54], Miano 
et al. [55], Wang et al. [56], Huang et al. [57], Song et al. [58] and Hu et al. 
[59], 
Gasoline vapor, as the adsorbate in this study, 
consists of more than a hundred of hydrocarbon compounds such as hydrocarbons of n-
paraffin, iso-paraffin, cylco-paraffin, aromatics, olefins, etc.  Therefore, it is more 
difficult to determine the adsorption characteristics of gasoline vapor than the 
adsorption of single or multiple components.  Up to now, little theoretical information 
is available on the adsorption characteristics of gasoline vapor by any adsorbent.  
focusing on the adsorption characteristic study of single, binary or multiple 
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hydrocarbon compounds.  The adsorption of benzene and toluene by type KF-1500 
activated carbon fiber were measured by Yun et al. [60].  Their experimental results 
showed a Type I isotherm according to BDDT and IPUC classification. The Dubinin-
Astakhov (D-A) isotherm model was best fitted for the adsorption data.  The 
equilibrium adsorption capacity of benzene and toluene was found to be approximately 
6.91 mol/g (~0.54 g/g-) and 5.85 mol/g (~0.53 g/g), respectively, at adsorption 
temperature of 20°C.  As benzene and toluene are major toxic hydrocarbons in gasoline 
compositions, their isotherm data and correlations could provide for the behavior of the 
gasoline adsorption characteristics. Gironi et al. [61] presented their study on the 
adsorption of another two toxic hydrocarbons, i.e. methyl tert-butyl ether (MTBE) and 
1-methylbutane vapors onto a commercial activated carbon (specific surface area of 
1600m2/g).  MTBE and 1-Methylbutane were assumed to simulate hydrocarbons 
present in vapor emissions from gasoline car tanks. The adsorption isotherms of each 
component were correlated by the Langmuir and Freundlich equations. In this study, the 
activated carbon showed a higher adsorption capacity to the MTBE and 1-methylbutane 
at 0.55 g/g and 0.45 g/g respectively.  Liu et al. [62] studied the recovery of butane, 
benzene, and/or heptanes vapors from nitrogen using type BAX activated carbon to 
simulate the recovery of gasoline vapors during fuel tank filling operation.  Their 
model could be attributed to a more accurate prediction of gasoline adsorption behavior 
because the light, medium and high components might represent more closely to 
gasoline characteristics. However, their work was limited to the mathematical 
simulation stage and lack of experimental evidence.  Wang et al. [47] investigated, 
respectively, the adsorption isotherms of aromatic compounds (benzene, toluene, 
xylene) onto activated carbon (BET surface area of 990 m2/g), silica gel and type 13X 
zeolite at a temperature of 25°C.   These aromatic hydrocarbons exist in gasoline vapor. 
The adsorption isotherms for each pair show approximately Type I isotherm, whilst the 
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adsorption uptake for any pair are less than 0.2 g/g, which might be partially due to the 
small surface area and pore volume of the activated carbon adsorbents.  The adsorption 
capacity of the aromatics onto the three adsorbents was found in the order of activated 
carbon, silica gel and 13X zeolite. The adsorption equilibrium data were obtained using 
gravimetric methods, and fitted by the Freundlich equation.  Brihi et al. [46] measured 
the adsorption isotherms of toluene and m-xylene, on type DAY zeolite at temperatures 
between 25 to and 55°C using static gravimetric method. The Langmuir model was 
found to be suitable for describing the adsorption isotherms, but Freundlich was not 
satisfactory because the adsorption amount goes to infinity when pressure increases.  
Most recently, Lai et al. [63] investigated the adsorption isotherms of volatile C6 
alkenes, C6 alkenes and ketones on activated carbon ( BET surface area 919 m2/g and 
pore volume 0.45 cm3/g) at 25o
Until recent years, the adsorption isotherms of commercial gasoline vapors onto 
type BPL 4x10 activated carbon were first investigated by Ryu et al. (2006) [64] using 
the static volumetric method. In this study, the authors fixed the gasoline temperature at 
25°C and assumed a pseudo single component.  
C. These hydrocarbon compounds are the major species 
in gasoline vapor. The adsorption isotherms for each pair are also show approximately 
Type I, whilst the adsorption uptake for any pair are less than 0.3 g/g. They found that 
nonpolar (alkanes) and low molecular weight adsorbates were more readily adsorbed at 
the microporous activated carbon and low temperature improved the adsorption. 
Their results proved gasoline 
adsorption behavior of type I isotherm in the experimental range.  However, their 
experimental results were limited at low vacuum pressure range (0.2 -8.0 kPa), and 
adsorption uptake is very low. For example, 1 kg of type BPL 4 x 10 activated carbon 
can adsorb a maximum 2 mol of gasoline vapor (or equivalent to 0.2 g/g) at equilibrium 
condition under the temperature of 20˚C.   Their equilibrium data were correlated by 
using Unilan and Sips equations. The problem with these correlations is that the 
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adsorption uptake tends to be infinite at high pressures, which is impossible.  
Meanwhile, Ryu et al. [65] also investigated the adsorption of gasoline vapors by type 
dealuminated Y (DAY) zeolite, which produced even lower adsorption capacity (~0.14 
g/g at temperature of 20°C).  However, their study was limited to an isotherm study, 
and there was a lack of information on adsorption kinetics as well as the heat of 
adsorption. 
As gasoline contains more than a hundred chemical species, the adsorption 
characteristics of a few typical components may not represent the true behavior of 
gasoline vapor adsorption.  The dearth of information on the gasoline adsorption 
characteristics enlightens this research motivation, and these parameters are essential 
for the 
2.3 
design of practical gasoline evaporative emission control system. 
 
2.3.1 Onboard Evaporative Emission Control 
Gasoline Evaporative Emission Control System 
Since onboard (vehicle) gasoline evaporative emission control was implemented to 
eliminate this source of pollution in 1970s, manufacturers, such as Toyota, Ford, and 
Mercedes Benz, etc. had gradually incorporated the carbon canister into their 
automobiles.  Toyota Motor (1993) incorporated a thermo vacuum valve (TVV) in the 
vehicle canister system, which was operated by coolant temperature. When the coolant 
temperature was above a certain point (usually 55°C), fuel vapor was purged from 
canister by opening TVV into engine manifold for combustion. If coolant temperature 
fell below a certain point (usually 35°C), purging was prevented by closing the TVV. 
This control strategy is attributed significantly to the reliability of the canister to 
prevent purging action when the engine is not in operation.  However, it did not 
contribute to the improvement of adsorption efficiency.  Mercedes Benz (1995) 
incorporated the Vacuum Switching Valve (VSV) instead of TVV into the engine 
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control module (ECM). The VSV control used engine speed, intake air volume, and 
coolant temperature and oxygen sensor information to control the canister.  Similar to 
TVV control, VSV control enhanced the reliability of the canister, but did not 
contribute to the adsorption performance. 
 It was until 2007 when manufacturer “Delphi” produced large partitioned 
carbon canisters in attempting to increase the adsorption volume, minimizing the 
gasoline vapor migration towards the air inlet as well.   Their approach may contribute 
to the enhancement of adsorption capacity because of increased canister volume. 
However, with the largely packed activated carbon bed, it became more difficult to 
expel the adsorbed gasoline vapor out of the carbon sites by air purging due to the high 
pressure resistance across the carbon sites.  Therefore, this apparatus still faced the 
problem of insufficient desorption by purging, resulting in low adsorption 
efficiency.   To solve this problem, Bishop et al [66] developed a so-called self-regulating 
positive temperature coefficient (PTC) heater which was used to heat up the purging air 
when the air entered the canister. This approach aimed at providing thermal energy to 
help discharge the gasoline vapors out of activated carbon sites because desorption 
process is endothermic.  Thus the adsorbent could be more effectively regenerated. 
This study is attributed to prove the usefulness of thermal energy in enhancing 
adsorption capacity because the adsorption capacity of canister depended on the net 
adsorption amount between adsorption and desorption process.  The drawback of this 
approach was that, due to the hot air purging, the carbon adsorbent temperature 
remained hot when the canister was called for adsorption. The high adsorbent 
temperature largely reduced the adsorption capacity, which offset the benefit of hot 
purging.  Moreover, as an open system, this approach still could not avoid the problem 
of sub-emission.  In the regard of low adsorption efficiency in the above mentioned 
systems, developing a high efficiency adsorption apparatus becomes imperative. 
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2.3.2 Evaporative Emission Control at Gas Station 
Evaporative emission control at gas station is a strategy that captures gasoline vapors 
when a vehicle is being refueled or during gasoline unloading from gasoline truck tank.  
The vapors are either back in the storage tank (no pumping) or pumped to the central 
treatment facility.  Considering the no pumping case, automobiles are equipped with 
nozzle that consists of two concentric hoses, typically fitted with a soft gasket that 
effectively seals the vehicle’s fuel tank opening when the nozzle is in place. As one 
hose fills the tank, the second hose, operating under a slight vacuum induced from the 
gasoline pumped from the supply tank, ducts the vapors back to the storage tank.   For 
pumping support case (Figure 2.5), the gas station replies on vacuum-assisted 













Figure 2.5 Schematic of evaporative emission control at gas station 
  
In this case, the nozzles have no soft gasket and a small pump draws air and 
gasoline vapors from gasoline dispensing nozzle back to the storage tank and the 
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central treatment facilities. For every liter of gasoline dispensed from the pump, as 
much as 2 liters of air and gasoline vapors are returned to the storage tank.  Build-up of 
air and gasoline vapor mixtures in the tank may release to the atmosphere, and thus 
needs to be treated or recovered by central treatment facility. Up to date, the available 
techniques are direct combustion, condensation, membrane, absorption and adsorption. 
The adsorption technique has advantage of no moving parts and environmental 
friendliness compared to other techniques [67].  Some applications using pressure 
swing adsorption (PSA) method were reported [62,68-70]. In PSA, adsorption takes 
place under high pressure employing high pressure carrier gas since the adsorption 
capacity increases with pressure, while desorption is realized by purging or vacuuming 
at low pressure.  However, as this method relies on the high pressure carrier gas to aid 
in the adsorption process that is exothermic, the released adsorption heat may cause 
significant temperature rise and thus adversely reduces the adsorption capacity. Whilst 
desorption is endothermic, the adsorbed gasoline vapor needs very low desorption 
pressure to purge the adsorbed vapor out of the adsorbent sites. Consequently, it 
consumes mechanical energy for pumping and vacuuming. 
In the gasoline adsorption system, little information is found for applications 
using the thermal swing adsorption (TSA) method, which employs thermal energy to 
aid in the desorption and adsorption processes since adsorption is exothermal and 
desorption is endothermal process.  Cooling media such as cooling water or refrigerant 
can be introduced to absorb the released heat of adsorption so as to maintain a lower 
adsorption temperature, enhancing the adsorption capacity since the adsorption 
capacity increases inversely with the temperature. With thermal energy such as coolant 
heat from vehicle engine or waste heat at gas station, a thorough and efficient 
desorption can be achieved.  Therefore, in comparison to the PSA system, TSA system 
has the advantages of high adsorption efficiency. The bottleneck in thermal swing 
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adsorption is the rather longer desorption time. The slow desorption process is mainly 
caused by the poor heat transfer in the adsorbent bed [8]. Therefore, in this regard, this 
research work aims at developing a TSA type adsorption apparatus using finned-tube 
adsorption bed to enhance the heat and mass transfer within adsorbent field for gasoline 
evaporative emission control. 
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Chapter 3  




In this chapter, the experimental investigation on two aspects is described and disc-
ussed. Firstly, the surface characteristics including surface area, pore radius, pore 
volume and pore size distribution, as introduced in Chapter 2, are studied using 
Autosorb-1 MP apparatus to identify a suitable adsorbent for the gasoline vapor 
adsorption. The search involves four types of carbon-based adsorbents.  Secondly, the 
thermal conductivity of activated carbon of type Maxsorb III is determined.  As 
adsorption is an exothermic process, a significant temperature gradient may develop 
within the adsorbent, which will delay thermal diffusion of adsorption heat and lower 
the adsorbability.  Therefore, cooling fluid is supplied to an adsorbent-adsorbate heat 
exchanger (a design which is adopted in Chapters 5 and 6) to maintain a low adsorbent 
temperature.  For the design of such a heat exchanger, the thermal conductivity of 
adsorbent is needed for computation of the overall heat transfer coefficient, and such 
information is lacking.  A guarded hot plate apparatus, based on the thermal 
conductance measuring technique, is employed to obtain the thermal conductivity of 
activated carbon of type Maxsorb III - the adsorbent selected from the surface 
characteristic studies. 
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3.2 Carbon-based Adsorbent  
Four types of carbon-based adsorbents, namely Maxsorb III, PAC-1, GAC-1 and ACF-
1500 representing pitch-based powdered, anthracite-based pelletised, wood-based 
granular activated carbon and activated carbon fiber felt respectively, have been 
investigated, and pictures of the specimens are shown in Figure 3.1.  
 
 
Figure 3.1 Specimens of  carbon-based adsorbents 
 
(1) Maxsorb III is a powdered type of AC adsorbent developed by Kansai Coke & 
Chemicals Co. Ltd. [71].  It was made from petroleum coke (10-30mesh) mixed 
with KOH, dehydrated at 400°C and followed by activation at temperature of 
600-900°C.  In the powder form, it has a mean particle diameter of 72µm, and 
the ash content is less than 0.1%. Detailed pictures of the adsorbent are obtained 
by the scanning electron micrographs (SEM) at magnification of 330 and 3700, 
as shown in Figures 3.2(a) and (b).  
(2) PAC-1 is a cylindrically pelletised AC adsorbent made from anthracite and the 
average pellet diameter is about 1.0-1.5 mm. 
(3) GAC-1 is a granulated wood-based AC developed by Xinsen Chemical 
Maxsorb III ACF-1500 GAC-1 PAC-1 
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Activated Carbon Co., China. The particle size is about 0.2-0.4 mm diameter. 
(4) ACF-1500 is an activated carbon fiber felt made by Nantong Tonghui Industrial 
& Trading Co., Ltd, China.  The average particle diameter is 17-20 µm.  Its 
SEM pictures are shown in Figures 3.3(a) and (b). 
 
      
              (a) magnification of 330                              (b) magnification of 3,700 
Figure 3.2 Scanning electron micrograph (SEM) of type Maxsorb III AC 
 
        
            (a) magnification of 1,000        (b) magnification of 300  
Figure 3.3 Scanning electron micrograph of type ACF-1500 ACF   
 
3.3 Experimental  
3.3.1 Nitrogen Adsorption Measurement for Surface Characteristics  
The AUTOSORB-1 MP microspore analyzer, manufactured by Quantachrome 
Instruments, Boynton Beach, Florida, USA, is used to measure the nitrogen 
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adsorption/desorption isotherms at liquid nitrogen temperature of 77.4 K.  Experiments 
were conducted in the pressure range of 0.001-760 torr or relative pressure from 10-6 to 1. 
High purity (99.99%) nitrogen was used.  The pictorial view and schematic diagram of 
the AUTOSORB-1 are shown in Figures 3-4(a) and (b). 
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(b) Schematic diagram  
Figure 3.4 Pictorial and schematic view of AUTOSORB-1 apparatus 
 
The working principle of AUTOSORB-1 is to measure the quantity of gas 
adsorbed onto or desorbed from a porous solid at various equilibrium vapor pressures 
by the constant volumetric method.  As adsorption or desorption occurs, the pressure in 
the sample cell (as indicated in Figure 3.4(b)) changes until equilibrium is established.  
The volume of gas adsorbed or desorbed is the difference between the amount of gas 
admitted or removed and the amount of gas filling the sample cell space around the 
adsorbent.  The Quantachrome AS1Win software interfaces the AUTOSORB with a 
computer for data acquisition and reduction.  The volume-pressure data is transformed 
into adsorption/desorption isotherms, BET surface area, micropore analysis and pore 
size distribution based on the selected models. 
The activated carbon samples are contained inside the sample cell as shown in 
Figure 3-5.  The sample weight is first obtained by using “Ohaus (E12140)” weighing 
balance (with an accuracy of 0.1mg).  Prior to the adsorption measurements, the sample is 
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degassed at 200°C for 4-5 hours under high vacuum.  The sample cell is loaded onto the 




Figure 3.5 Sample cells used for nitrogen adsorption by AUTOSORB-1 
 
3.3.2 Measurement of Thermal Conductivity 
The GHP-300 guarded hot plate thermal conductance measuring system, manufactured 
by Holometrix, Inc. Bedford, USA, is used to determine the thermal conductivity of 
type Maxsorb III activated carbon. The pictorial views of the apparatus are shown in 
Figures 3.6(a) and (b).  The system is used to test materials in the thermal conductivity 




Maxsorb III PAC-1 GAC-1 ACF-1500 
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(a) Pictorial view of guarded hot plate conductance apparatus 
 
 
(b)  Section view of test stack 
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 The apparatus consists of a test stack, a coolant bath, a stand-alone control 
console and data acquisition unit.  Figure 3.7 shows the schematic diagram of the 










Coolant in Coolant out








HeaterTT =∆ Lower AC Sample              Figure 3.7 Schematic of test section of guarded hot plate apparatus   Two identical sample sections (lower and upper samples) are placed between the main and auxiliary heaters so that a temperature differential is created across them 
(∆T1 and ∆T2).  The activated carbon is placed in two identical frames made of low 
thermal conductivity polystyrene.  The internal dimensions of the polystyrene frame are 
Chapter 3 Surface Characteristics of Carbon-based Adsorbents 
    - 35 - 
149 x 149 mm square and a height of 38 mm.  Liquid-cooled heat sinks are placed on 
top and bottom of the insulation, isolating the heaters.  From such an arrangement, a 
constant temperature differential is created across the surface of the samples.  Guard 
heaters are used to eliminate any lateral heat flow to and from main heater by 
maintaining zero temperature differences.  In addition, the air space between the metal 
enclosure and test stacks is filled with fiberglass insulation to prevent convective heat 
losses from the edges of the heaters and samples. 
Fixed electrical power is supplied to the main heater by a regulated DC power 
supply unit.  Heat flows in the direction from main heater section towards the heat 
sinks. At equilibrium and adiabatic conditions, the heat flow through the two samples is 
equal to the electrical power input.  The temperature of each sample surface is 
measured by five chrome/aluminum thermocouples with an accuracy of ± 0.5°C , and 
temperatures of each side of samples are obtained by the average value of the five 
thermocouple readings as shown in Figure 3.8. 
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The temperature differentials through the upper and lower sample are calculated 
as follows: 
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 are respectively the temperature of hot and cold sides of the 
two samples. 
The total energy input to the two samples at steady state is expressed as: 
   (3.3) 
where EI is the main heater input power in Watt.  ks is the thermal conductivity of the 
activated carbon in W/m K.  Ac is the cross-sectional area, equal to 0.0222 m2  and  δsp 




























can be determined: 
    (3.4) 
The corresponding mean sample temperature is: 
( ) ( )[ ]22114
1
chchsp TTTTT +++=     (3.5) 
The activated carbon of type Maxsorb III is first dried by using moisture 
analyzer (Computrac Max 5000, resolution of ±0.1 mg) at temperature of 140°C for 
couples of hours.  Total dry mass (two sample sections) is 340g, and packing density is 
calculated at about 201 kg/m3.  It is then packed into the two sample boxes and covered 
by very thin fine stainless steel (SS) wire mesh (mesh 400).  Experiments are conducted 
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at sample temperatures ranging from 20 to 45°C.  All the temperatures, voltage and 
current are recorded simultaneously in a time interval of 5 seconds by data logging unit. 
 
3.4 Results and Discussion 
3.4.1 Nitrogen Adsorption Isotherms 
Nitrogen adsorption/desorption isotherms (77.4 K), plotted as the adsorbed volume of 
nitrogen versus a full range of relative pressure, Pr (=P/Ps, Ps is the nitrogen saturation 
pressure at 77.4 K), for the four types of activated carbon adsorbents are shown in Figures 
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 = 0.1 are presented in 
Figure 3.9(b).  It can be seen from Figure 3.9(a) that Maxsorb III and ACF-1500 exhibit 
typical Type I isotherm behavior.  A steep initial region at low relative pressure can be 
observed, which represents a strong micropore filling phenomenon, implying that the 
adsorbent is of microporous solid. 
 
 
(a) Cross a full range of relative pressure 
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(b) For low relative pressure up to 0.1 
Figure 3.9 Nitrogen adsorption isotherms (at 77.4 K) for the four adsorbents  
 
 In case of Maxsorb III, after micropore filling at Pr = 0.01 (a plateau shown in 
Figure 3.9(b)), nitrogen uptake increases monotonically with pressure, owing to the 
adsorption in micropores and small mesopores. The nitrogen uptake of the Maxsorb III 
reaches a plateau at relative pressures of 0.35, as shown in Figure 3.9(a), where the 
multilayer formation in the micropores and mesopores may have been saturated.  Beyond 
this region, the isotherm curve tends to level off and attains saturation, when the uptake is 
controlled by the micropore volume rather than by the internal surface area. Therefore, 
Maxsorb III possesses a considerable number of micropores with fewer mesopores and 
almost no macropores.  This finding is further validated when the pore size distribution is 
analyzed.   For the case of ACF-1500, the isotherm exhibits a sharp steep region till relative 
pressure as low as 0.005 (as shown in Figure 3.9(b)) where the micropore filling is 
completed, indicating the significant presence of super-micropores.  Beyond this region, the 
nitrogen uptake increases incrementally until the saturation pressure due to the multilayer 
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formation in micropores and mesopores.  It is noted that the appearance of a small “tail” 
near the saturation pressure may be due to the capillary condensation on small portions of 
larger mesopores. 
For both PAC-1 and GAC-1, the adsorption isotherms have characteristics of type I 
and type IV distributions, indicating the presence of larger mesopores.  Upon the completion 
of micropore filling at Pr = 0.01 (Figure 3(b)), the adsorption uptake increases 
monotonically until the saturation pressure, implying the multiplayer formation in large 
amounts of mesopores.  Hysteresis phenomena at the desorption curves are observed due to 
the capillary condensation in mesopores or even macropores. 
Figure 3.10 shows the adsorbed volume of nitrogen versus relative pressure as 
in Figure 3.9, but presented in the logarithmic scale so as to allow visualization of the 
adsorption behavior at pressure as low as 10-7.  All isotherms are smooth, indicating 
considerable presence of micropore surface area of the four adsorbents.  ACF-1500 
exhibits noticeable adsorption at low relative pressure of 10-7, implying that ACF-1500 
possess small micro- or even super-micropores.  However, when relative pressure is 
higher than 5.0x10-5, Maxsorb III demonstrates higher adsorption capacity than others, 
indicating possession of more micropores.  All samples exhibit noticeable uptake at 
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Figure 3.10 Nitrogen adsorption isotherms in low pressure region  
(in logarithmic scale )  
 
3.4.2 BET Surface Area  
BET surface area is obtained based on the BET isotherm equation. The detailed 
calculation of BET surface area, average pore radius and total pore volume is provided 





 versus Pr as shown in Figure 3.11, the BET 
surface area can be calculated from the slopes and intercepts. 
 From these plots, the BET surface area, average pore radius and total pore 
volume for the four adsorbents are computed and the results are tabulated in Table 3.1. 
Of the four types of adsorbent, the Maxsorb III AC possesses higher values of surface 
area, which is about 2.5 times of ACF-1500, and it is double that of GAC-1 as well as 
50% higher than PAC-1. 
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ACF-1500 ( fiber felt)
 
Figure 3.11 Total surface area determined by multi-points BET plot 
 
Table 3.1 BET surface area of the four carbon-based adsorbents 
Item Unit Maxsorb-III PAC-1 GAC-1 
ACF-
1500 
Specific BET surface area  m2 3,151 /g 2,054 1,584 1,346 
Total pore volume cm3 1.73 /g 1.54 1.37 0.92 
Average pore radius nm 1.10 1.48 1.67 1.36 
 
3.4.3 Pore Size Distribution 
The PSD is obtained based on the Quasi Solid State Density Functional Theory 
(QSDFT). The theoretical background of DFT (QSDFT) method is described in 
Appendix 1. By using the AS1Win software, the pore size distributions by plots of 
cumulative and incremental pore volume versus pore radius are obtained and shown in 
Figures 3.12(a) to (b).  The incremental pore volume, dV(r), represents the pore volume 
for certain pore size in an incremental pore size range of 0.015 nm or 15 pm, whilst 
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(b) ACF-1500 (fiber felt) 
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(d) GAC-1 (charcoal) 
Figure 3.12 Pore size distribution for the four adsorbents by QSDFT analysis 
 ( dV(r) stands for incremental pore volume ) 
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In the case of the type Maxsorb III AC, it can be seen that the incremental pore 
volume in the micropore region is significant. The peak incremental pore volumes of 
1.99 and 1.76 cm3/nm.g occur at pore radii of 0.4m and 0.9 nm, respectively.  The 
incremental pore volume decreases monotonically beyond the micropore region and 
becomes negligible at pore radius of 2.0 nm where pores have been fully filled by 
nitrogen adsorbate. Hence, there is small a number of mesopores with almost no 
macropores.  This confirms the earlier findings from isotherms in section 3.4.1. The 
cumulative pore volume reaches an asymptotic value of 1.58 cm3
Combing all the cumulative pore volume plots of the four adsorbents together, 
as shown in Figure 3.13, the Maxsorb III has the steepest-rise and highest saturated 
pore volume for all pore radii. This is followed by PAC-1, GAC-1 and ACF-1500 has 
the lowest pore volume.  However, ACF-1500 shows high pore volume in small 
/g at pore radius of 2.0 
nm and flattens out, indicating that the Maxsorb III is highly microporous solid. 
In case of fiber felt ACF-1500 (Figure 3.12(b)), peak incremental pore volume 
occurs at pore radius about 0.3 nm, indicating the existence of ultra-micropores.  There 
is noticeable incremental pore volume in micropore range, but much lower than that of 
Maxsorb III.  In mesopore range (> 2.0nm radius), the incremental pore volume is 
obviously higher than that Maxsorb III, indicating the presence of more mesopores.  
The cumulative pore volume asymptotically reaches saturation about 0.78 cm3/g, 
which is less than half of the Maxsorb III. 
For the pellet PAC-1 and charcoal GAC-1, as shown in Figures 3.12(c) and (d), 
the presence of the mesopores can be noted, leading to monotonically increase in 
cumulative pore volume in mesopores region between 1 nm and 5 nm radius.  For 
PAC-1, the incremental pore volume for pores larger than 5.0 nm radius is negligible, 
leading to saturated pore volume.  By comparison, both PAC-1 and GAC-1 have more 
micropores than mesopores. 
Chapter 3 Surface Characteristics of Carbon-based Adsorbents 
    - 45 - 
micropore region (< 0.7 nm radius) than PAC-1 and GAC-1, as shown in Figure 3.13, 
which may attribute to a higher adsorption uptake in low relative pressure region. 






























Figure 3.13 Cumulative pore volume distribution for the four adsorbents 
 
The micropore characteristic properties are obtained by QSDFT method, and 
together with the properties described in Section 3.4.2, the data are tabulated in Table 
3.2.   It can be noted that the Maxsorb III is the best adsorbent with the highest  BET 
surface area, total pore volume, micropore surface area and micropore volume. The 
high micropore surface area may contribute to a higher adsorption rate, whilst high 
micropore volume can produce high adsorption uptake.  The micropore volume of the 
Maxsorb III is 1.58 cm3/g which accounts up to 91% of its total pore volume 
(1.73cm3/g), contributing to a strong micropore filling and high adsorption uptake 
phenomena at lower relative pressure.  Therefore, the Maxsorb III is more suitable for 
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low pressure application such as the case of gasoline adsorption.   The ACF-1500 has 
the lowest surface area and pore volume, limiting its adsorption capacity.  However, it 
has smallest micropore radius and particle size which may contribute to a fast 
adsorption, especially at low relative pressure region.  
 
Table 3.2 Surface characteristic properties of the four adsorbents 
Item Unit Maxsorb III PAC-1 GAC-1 
ACF-
1500 
Surface Area      
o Specific BET surface area, A mBET 2 3,151 /g 2,054 1,584 1,346 
o micropore surface area m2 2,274 /g 1,559 1,203 1,326 
o meso- &  macropore surface area m2 895 /g 495    381     20 
Pore Volume      
o total pore volume, vt cm   3 1.73 /g 1.49 1.27 0.92 
o micropore volume, v cmmic 3 1.58 /g 1.21 0.98 0.78 
o meso- & macropore volume cm3 0.15 /g 0.28 0.29 0.14 
Pore Radius      
o average pore radius, r nm p 1.10 1.48 1.67 1.36 
o average  micropore radius nm 1.02 1.19 1.27 0.81 
 
3.4.4 Thermal Conductivity of Type Maxsorb III Activated Carbon 
From the experimental facility as described in Section 3.3.2, thermal conductivity of 
activated carbon of type Maxsorb III is measured. The temperature range of the 
samples is between 20 and 45°C.   When the heater guards and coolant bath are 
powered, temperatures of the upper and lower samples would gradually increase and 
decrease to reach their steady state within 8-10 hours.   At steady state, the temperature 
and power readings are recorded, and the results of each test are tabulated in Table 3.3, 
and the thermal conductivity is calculated using Equation 3.4.  Figure 3.14 shows the 
plots of the thermal conductivity for a range of sample temperatures.  It is noted that the 
thermal conductivity does not vary significantly with an average value of 0.11 W/m.K. 
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This thermal conductivity value will be used in the modeling and simulation of the 
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Figure 3.14 Experimental thermal conductivity of the Maxsorb III AC at 
different sample temperatures 
 
3.5 Chapter Summary 
Nitrogen adsorption-desorption isotherms have been plotted for the four types of 
carbon-based adsorbents, i.e. Maxsorb III, PAC-1, GAC-1 and ACF-1500. The 
experiments were conducted over the pressure range of 0.001 torr to 760 torr at liquid 
nitrogen temperature of 77.4 K, where the surface characteristics including BET 
surface area, pore volume and pore size distribution are characterized.   The activated 
carbon, type Maxsorb III, is found to be highly microporous, possessing significantly 
large surface area and high pore volume that would contribute to high adsorption rates 
and capacities.  From this experimental investigation, the Maxsorb III is found to be a 
suitable adsorbent for the gasoline vapor adsorption system.  In addition, it has a 
constant thermal conductivity value of 0.11 W/m.K at temperatures from 20 to 45°C. 
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Table 3.3 Experimental results for determination of thermal conductivity of type Maxsorb III activated carbon 
Test 
No. 
Upper Sample Lower Sample Average 
sample 
Temp 
Power  Thermal 










Diff Voltage Current Power 
T Th1 ∆Tc1 T1 Th2 ∆Tc2 T2  sp  EI k
  
s 
°C °C °C °C °C °C °C volt amp watt W/m.K 
1 33.54 25.09 8.45 35.72 25.95 9.77 30.08 3.50 0.34 1.19 0.111 
2 34.01 25.62 8.39 36.28 26.51 9.77 30.60 3.40 0.33 1.13 0.106 
3 33.30 25.13 8.17 35.46 26.02 9.44 29.98 3.40 0.33 1.13 0.109 
4 43.92 25.69 18.22 46.20 26.68 19.52 35.62 5.31 0.52 2.74 0.124 
5 46.46 25.80 20.66 48.75 26.81 21.94 36.96 5.31 0.52 2.74 0.110 
6 47.34 26.41 20.94 45.21 25.78 19.43 36.19 5.11 0.50 2.54 0.107 
7 29.43 21.09 8.34 31.81 21.87 9.94 26.05 3.51 0.34 1.19 0.111 
8 50.20 30.76 19.44 52.32 31.33 20.99 41.15 5.20 0.51 2.63 0.111 
9 43.37 30.41 12.96 45.52 31.16 14.36 37.62 4.60 0.45 2.06 0.129 
10 45.34 30.29 15.05 47.37 31.01 16.36 38.50 4.60 0.45 2.06 0.112 
11 48.50 30.45 18.05 50.68 31.01 19.67 40.16 5.04 0.49 2.47 0.111 
12 44.45 35.83 8.62 46.47 36.20 10.27 40.74 4.60 0.45 2.06 0.186 
13 44.32 35.41 8.91 46.48 34.30 12.17 40.13 3.66 0.36 1.31 0.106 
14 44.18 35.24 8.94 46.22 36.01 10.20 40.41 3.68 0.36 1.31 0.117 
15 29.70 22.98 6.73 32.00 22.47 9.53 26.79 3.50 0.34 1.19 0.125 
16 29.34 20.98 8.37 32.00 22.47 9.53 26.20 3.58 0.35 1.24 0.118 
17 30.10 21.03 9.06 32.34 21.93 10.41 26.35 3.64 0.35 1.29 0.113 
 
Note:   (1) Th1, Tc1, Th2, Tc2 are the average hot and cold side temperatures of upper and lower sample.  
(2) ∆T1 and ∆T2  are the temperature differentials  across the upper and lower sample. 
(3) Tsp
(4) k
 is the average sample temperature defined by Equation 3.5. 
s   is the  thermal conductivity of type Maxsorb III activated carbon based on Equation 3.4. 
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Chapter 4  




This chapter presents the experimental adsorption characteristics of gasoline vapor onto 
the four types of carbon-based adsorbents, as described previously in Chapter 3. 
Experiments are conducted by using a Thermal Gravimetric Analyzer (TGA) apparatus 
at assorted temperatures ranging from 20 to 60ºC.  The TGA apparatus has an accuracy 
of ±0.1μg for direct measurement of adsorption uptake under the controlled pressure 
and temperature conditions.  Studies are focused more on the gasoline vapor adsorption 
by the type Maxsorb III activated carbon which is the best suitable adsorbent found in 
Chapter 3.   The aim of this study is to determine quantitatively the gasoline vapor 
adsorption isotherms, kinetics and heat of adsorption, which are the necessary data for 
design and modeling of practical adsorption processes for gasoline vapor emission 
control.  From the literature review, there is a dearth of published research work in this 
direction of study. 
In addition, gasoline is a multi-component adsorbate with a few hundreds of 
chemical species. A detailed analysis, involving each and every species, would be 
impractical as it would take infinite time to correlate and interpret the adsorption 
equilibrium data. For convenience, the gasoline is assumed to be a pseudo single 
component adsorbate. One of objective of this Chapter is to study the true adsorption 
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behavior of the gasoline vapor onto the activated carbon adsorbents. The experimental 
findings would support this pseudo single component assumption. 
 
4.2 Theoretical Model 
4.2.1 Adsorption Isotherm - Dubinin-Astakhov (D-A) Model 
)/ln( PPRTA s⋅=
In 1914, Polanyi first introduced the potential theory that describes the correspondence 
between adsorption uptake and adsorption potential energy ( ) 
[73]. Dubinin further developed the potential theory to predict the equilibrium 
adsorption uptake [74-78], which is expressed by the well known D-A equation, and 



























is widely accepted as the most suitable 
adsorption isotherm model for the adsorption of gases and vapors on the microporous 
adsorbents [79,7].  From Chapter 3, the four carbon-based adsorbents used here are 
microporous and contain relatively small portions of mesopores, and thus the D-A 
equation is applicable. 
      (4.1) 
In the above equation, v is the volume of adsorbed adsorbate by unit mass of the 
adsorbent at temperature T and relative pressure P/Ps.  P is the equilibrium pressure 
and Ps is the saturated pressure of adsorbate corresponding to the adsorption 
temperature. vo is the maximum volume of adsorbed adsorbate by unit mass of the 
adsorbent.  n is a constant representing the heterogeneity of the adsorbent.  E is 
adsorption characteristic energy for the adsorption pair.  R is the gas constant.   Using 
liquid density (an assumption for the adsorbed phase for adsorption at or below the 
adsorbate critical temperature [79,7], Equation 4.1 can be converted to gravimetric 
basis as: 
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RTExpWW ln     (4.2) 
and the logarithmic form of Equation 4.2 can be expressed as: 

















−= lnlnln     (4.3) 
The parameter n is regressed to give the best fit of linear relation between ln (W) 



























.  However, if n equals to 2, Equation 4.2 is reduced to the commonly 
known Dubinin-Radushkevich (D-R) equation [80] as follows: 
               (4.4) 
 
4.2.2 Adsorption Kinetics - Linear Driving Force Model 
The Linear Driving Force (LDF) model [13] or pseudo first order reaction model [14] is 





vs −⋅=       (4.5) 









), w is 
the instantaneous uptake (g/g)  and W is the corresponding equilibrium adsorption 
uptake (g/g).  Separating the variables in Equation 4.5 and integrating between limits 
gives: 
      (4.6) 




−ln       (4.7) 
i.e.   )1( tvaskeWw ⋅−−⋅=       (4.8) 
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From Equation 4.7, the effective mass transfer coefficient or adsorption rate constant  
ksav can be determined from the gradient of the linear plot of ln[(W-w)/W] versus time.  










 can be expressed as a function 
of the surface diffusivity for microporous adsorbent as given by Equation 4.9 [13]: 
        (4.9) 






 is a constant.  The overall diffusivity for surface 
diffusion is dependent on temperature, which is given by an Erying equation [7].  
                (4.10) 






 is the activation energy of the 
adsorbate. By substituting Equation 4.10 into 4.9, Equation 4.11 can be obtained, which 
is a form of Arrhenius equation [14]: 
                (4.11) 











DFD ⋅= . 
Extending the methodology used in Equation 4.11 to a gasoline mixture, the 
LDF model is now replicated by aE , representing the molar weighted activation 
energy of gasoline vapors.  Therefore, by plotting ln(ksav
*
soD
) versus (1/T), the numerical 
values of  and aE can be determined for the four activated carbon/gasoline pairs.  
To apply Equation 4.11 into 4.8, the transient adsorption uptake can be predicted with 
the temperature as a variable, i.e.: 
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*                   (4.13) 
 
4.2.3 Isosteric Heat of Adsorption 
As adsorption is exothermic process, the heat of adsorption released into the adsorbent 
causes the variations of the adsorbent temperature which in turn influence the 
adsorption rate and uptake.  Therefore, the heat of adsorption is one of key 
thermodynamic variables for the adsorption system. 
From thermodynamic point of view, the isosteric  heat of adsorption Qst  is 
defined as the differential change in energy, δQ that occurs when an amount of 
adsorbed adsorbate  δma  are brought from bulk phase to the adsorbed phase at constant 














  [81-83], and is written 
as: 
               (4.14) 
The elemental energy dQ that is rejected into the adsorbent can be expressed as: 
dSTdQ ⋅=−                  (4.15) 
where the entropy S is the total entropy of adsorbate/adsorbent system, i.e. 
sag SSSS ++= .  Sa  and Sg denote the entropy of the adsorbate in adsorbed and 



























































 is the entropy of the solid adsorbent. 
 Thus Equation 4.14 can be decomposed into: 
           
                        (4.16) 
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With the assumption of inert adsorbent and from mass balance, we can get 















 is the mass of the adsorbate in gaseous phase). 
Assuming no change in the entropy of the solid adsorbent, i.e. , 







































              (4.17) 
For the chemical potential of adsorbed phase, µa
am∂
, it is a function of partial 
change of internal energy (u) with the infinitesimal amount of adsorbed adsorbate 
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v  , therefore, by applying the above relations into 































µ              (4.21) 
The differentials of the chemical potential in gaseous phase can be obtained as:

































−=µ                 (4.22) 
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              (4.24) 
Substitute Equation 4.24 into Equation 4.17, one can get: 
( )
dT
dPvvTQ agst −≅                  (4.25) 
 In Equation 4.25, the specific volume of adsorbed phase is much smaller than 
that of bulk gas phase, and thus can be neglected.  Thus, Equation 4.25 can be reduced 
to: 
dT
dPTvQ gst ≅                 (4.26) 



























= , Thus, Equation 4.26 


























=              (4.27) 
 By employing gas equation, the first term on the right hand side of the above 













































lnln22 ,   
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 Thus Equation 4.27 can be transformed into:    
























ln               (4.28) 
 The first term on the right is the form of Clausius-Clapeyron and second term is 
attributed to the non-ideality of the gaseous phase, adding extra heat during the 
adsorption. 
 In addition, the equilibrium adsorption uptake can be determined from D-A 


























RTWW lnexp  
Rearranging the above and the following is obtained: 
( ) ,lnlnln /1 ns RT









Wθ is the surface coverage. 
Differentiating Equation 4.29 with respect to 1/T at specific coverage, one can 
get: 
















∂                          (4.30) 
To substitute Equation 4.28 by 4.30, we can get: 
















θ                            (4.31) 
Applying Equation 4.31 for the gasoline vapor adsorption by activated carbon, it 
can determine quantitatively the isosteric heat of adsorption, which is a function of 
surface coverage and adsorbent temperature.  Moreover, the first item on the right 
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−= .  Gasoline mixture contains many hydrocarbon compounds; the heat 







of a given sample is determined experimentally, as presented in latter section. 
 
4.3 Experimental Set Up 
4.3.1 Gasoline Adsorption Measurement 
(1) Experimental Apparatus 
The thermogravimetric analyzer (TGA) apparatus of type Cahn-2121, which is based 
on the gravimetric method, is used to measure the uptake of gasoline onto the four 
types of activated carbon adsorbents (described in Chapter 3).  Figures 4.1(a),(b),(c) 
and 4.2 show the pictorial view and schematic of the TGA (Cahn TG-2121) system 
which consists of a reaction chamber, a gas-tight stainless steel cylindrical evaporator, a 
temperature-controlled water bath, a vortex chiller and vacuum pump. The 
microbalance measures the sample weight up to 150 mg with an accuracy of ±0.1 µg.   
It can detect weight changes of the sample less than a second.  The sample container is 
placed inside the reactor tube, which is suspended by an extension wire, as shown in 
Figure 4.3.  The micro-furnace can be maintained at temperatures up to 1100°C, with a 
maximum heating rate of 100°C/min, maximum cooling rate of 50°C/min and 
temperature repeatability of 3°C. 
A type K thermocouple is inserted into the reaction chamber near the bottom of 
sample bowl to measure the chamber (adsorption) temperature, and their distance is 
kept short to ensure accuracy. The chamber temperature is controlled by a built-in 
microprocessor which controls the electric heater output and cooling air flow for 
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required adsorption temperature. Cooling air is supplied from the building compressed 
air system.  The adsorption condition below the ambient temperature is achieved by the 
vortex chiller. By regulating the supply of compressed air pressure to the vortex chiller, 
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(b) Adsorption chamber section          (c) Outlook of vortex chiller assembly 


































Figure 4.2 Schematic diagram of the TGA system 
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Figure 4.3 Pictures of sample installation in TGA experiment  
 
The system pressure is modulated and maintained through a butterfly 
modulating valve which is controlled by a MKS pressure controller (model 631A) and 
a MKS Baratron pressure transducer (type 631A) with an accuracy of ± 0.01kPa.  
Stainless steel filters are installed at the inlet and outlet of reaction chamber to 
minimize the pressure fluctuation from the modulating action.  A diaphragm type 
vacuum pump (model N842.3 FT.18 with pumping rate of 0.57 liter/s) is used to 
evacuate the system continuously in response to the throttling pressure control valve so 
as to maintain a pre-set reaction chamber pressure. 
To protect the microbalance from any reactive gases, a small amount of 
desiccated helium gas with a purity of 99.999% is continuously injected into the 
microbalance dome of the TGA.  As helium is lighter, it prevents gasoline vapor to 
enter into microbalance chamber, isolating the balance from gasoline gases.  By 
adjusting the flow rates of gasoline vapor and helium, the sample bowl is fully exposed 
to the gasoline vapor. The appropriate flow rate is found to be 20 ml/min, which is kept 
consistently thorough the whole experiment.  Gasoline vapor is extracted at top section 
of TGA to minimize the mixing of gasoline vapor and helium gas.   In addition, the 
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temperature and pressure of gasoline vapor inside the evaporator are monitored and 
measured by a RTD temperature sensor ( ±0.1°C) and a “Kyowa” pressure transducer 
(model: PGS-10A, accuracy: ±0.07% of scale range) respectively. 
 
(2) Experimental Procedure 
The adsorbent sample is firstly weighted in the moisture analyzer (Computrac Max 
5000, readability: 0.1 mg) before uploading into TGA. Then it is heated “in situ” at 
140°C for several hours for through degasification, and the dry masses are recorded as 
shown in Table 4.1.  Prior to each adsorption test, the sample is firstly regenerated 
under vacuum condition at a temperature of 140ºC and maintains for several hours to 
ensure thorough desorption.  The sample is then cooled down to the required adsorption 
temperature until system is stabilized.  For each sample, a series of adsorption 
experiments are carried out at assorted adsorption temperatures ranging from 20°C to 
60°C.  The temperature of the evaporator containing the liquid gasoline is controlled by 
the constant temperature water bath. 
 
Table 4.1 Summary of sample weight 
Component Weight  (mg) 
Maxsorb III 87.0 ± 0.1 
PAC-1 102.0 ± 0.1 
GAC-1 91.0 ± 0.1 
ACF-1500 43.0 ± 0.1 
 
After the reaction chamber temperature and pressure reached stabilization, the 
adsorption test is started by opening the valves V1 and V2 between the evaporator and 
reaction chamber (Figure 4.2).  By regulating the needle valve V2, the gasoline vapor 
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flows slowly into the reaction chamber through the connecting tube.  All parameters 
including adsorbent sample mass, pressures and temperatures are recorded at intervals 
of 1.0 second by the HP data acquisition unit until the equilibrium condition is reached. 
 
4.3.2 Gasoline Vapor Pressure Test 
Gasoline vapor pressure is an essential thermodynamic parameter.  However, due to the 
diversified formula from gasoline suppliers and lack of information on the gasoline 
thermodynamic properties, the saturated gasoline vapor pressure yet needs to be 
determined experimentally. Commercial gasoline with octane number 98 is used 
throughout the whole study.  Part of the TGA test system as shown in Figure 4.4 is 
employed to serve this purpose, which mainly consists of a gas-tight stainless steel 
gasoline evaporator, a Bourdon spring pressure gauge, a “HAAKE” temperature-
controlled water bath (precision of ± 0.1°C).  The temperature and pressure of gasoline 
vapor inside the evaporator are measured by a RTD temperature sensor (±0.1°C) and a 
“Kyowa” pressure transducer (PGS-10A, accuracy of ±0.07% of full scale range) 
respectively. Vacuum is achieved by connecting a bypass pipeline to the vacuum pump 
that is used in TGA system.  Prior to the test, the evaporator is evacuated to expel 
outgases and residue moisture, and is then cooled down to around 15ºC to ensure that 
no vapor exists in the void space.  The initial pressure is recorded.  The experiment 
starts by heating up the evaporator stepwise from 15ºC to 60ºC.  At each temperature, 
the evaporator is isothermally maintained for sufficient period until the pressure 
reaches the equilibrium.  Temperature and pressure are recorded simultaneously at an 
interval of 5.0 seconds. 
 
Chapter 4 Adsorption Characteristics of Gasoline Vapor 
    - 63 - 
 
Figure 4.4 Pictorial view of gasoline vapor pressure test 
 
4.3.3 Gas Chromatography Test on Gasoline Composition 
The volumetric percentage of the major compounds of gasoline is obtained by using 
gas chromatography (GC) (Hewllet –Packard, type HP 6890) from the Chemical 
Department of NUS.  The pictorial view of GC apparatus is shown in Figure 4.5(a).  
The GC is equipped with HP-5MS capillary column (inner diameter of 0.25μm) and 
HP-5973 mass spectral detection system.  Parameters such as abundance of chemical 
components versus time and retention time of the components were instantaneously 
recorded by “Agilent” 7383B data logging unit.     In this GC test as schematically 
shown in Figure 4.5(b), the sample is vaporized and injected onto chromatographic 
columns and then separated into many components by different boiling point. The 
elution is brought about by the flow of an inert gaseous mobile phase of carrier gas 
(helium). As carrier gas carries the mixture across the column (contain stationary 
phase), some of the components of the mixture stick to the stationary phase more than 
others. Therefore, the components travel at different rates across the stationary phase, 
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and exit the stationary phase at different times. The components of the mixture are then 
separated. 
 
      
(a)  Pictorial view    (b) Schematic diagram 
Figure 4.5 Gas chromatography (HP 6890 series) 
 
4.4 Results and Discussion 
4.4.1 
Figure 4.6 shows the transient gasoline vapor pressure and temperature versus time.   
From the equilibrium pressure and temperature data, the saturated gasoline vapor 
pressure at assorted temperatures is plotted by Figure 4.7.  The saturated pressure of 
gasoline vapor is thus correlated in polynomial form as: 
Gasoline Vapor Pressure Correlation 
32
2
1 aTaTaPs ++=  ,             (4.32) 
where Ps is the saturated pressure in kPa,  T  is the adsorption temperature in °K,  a1, 
a2 and a3 
1.129)/1(10704.1)/1(104.5ln 527 +×+×−= TTPs
are constants, and found to be 0.0292, -15.836 and 2149.9 respectively.  
Another correlation in relation of  ln(P) with 1/T is also obtained as: 
,              (4.33) 
  where T is adsorption temperature in °K. 
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Figure 4.7 Experimental gasoline vapor saturation pressure vs. temperature 
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4.4.2 Gasoline Composition 
Gasoline is a complex mixture of hydrocarbons that have carbon atoms from 5 to 12.  It 
contains chemical compounds of paraffins (n-paraffins, normal paraffins, cyclo-
paraffins, and methyl-paraffins), olefins, aromatics and small percentages of naphthene 
and benzene.   The compositions of gasoline of octane 98, obtained by GC test, are 
tabulated in Table 4.2 in terms of volumetric percentage. 
 
Table 4.2 Composition of gasoline Octane 98 







Due to the complexity of gasoline compounds and limitation of facilities, the 
following physical and thermodynamic properties of gasoline are cited from literatures 
and tabulated in Table 4.3. 
 
Table 4.3 Thermodynamic properties of gasoline vapor 
Description Symbol Value Unit 
Density, Liquid @ 20°C ρ 765 gl kg/m
               Vapor @ 20°C 
3 
ρ 3.0 gv kg/m
Molar weight 
3 
M 105 g g/mol 
Specific Heat Capacity@ 20°C,vapor C 1600 p,gv J/kg K 
Specific Heat Capacity@ 20°C,liquid C 2400 p,gl J/kg K 
Thermal Conductivity @ 20°C k 0.15 g W/m K 
Kinematic viscosity @ 20°C γ 0.7 g x10-6 m2
    Source: (1) American Petroleum Institute (API), Alcohols and Ethers, Publication No. 4261, 
3rd ed. (Washington, DC, June 2001), Table B-1 
  (2) Petroleum Product Surveys, Motor Gasoline, 1986, Winter 1986/1987, National Institute 
for Petroleum and Energy Research. 
/s 
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4.4.3  Adsorption Isotherms of Gasoline Vapor onto Carbon-based Adsorbents 
4.4.3.1 Adsorption Uptake  
Figures 4.8(a) to (d) show the transient adsorption uptake versus time for the adsorption 
of gasoline vapors on the four carbon-based adsorbents at adsorption temperatures 
ranging from 20 to 60˚ C at a pressure of 2.5 kPa.  As TGA can detect the mass change 
of 0.1µg in less than one second, the error bars are too small to be visualized in the 
graphs.  It can be seen that the Maxsorb III/gasoline pair exhibits higher equilibrium 
adsorption uptake than the other three pairs at any temperature. At adsorption 
temperature of 20˚ C, the Maxsorb III can adsorb gasoline vapors as high as 1.1 g/g at 
adsorption time interval of about 2000 seconds, whilst ACF-1500/gasoline pair takes a 
shorter time of 400 seconds to reach the equilibrium uptake of 0.4 g/g.  At same 
temperature, the PAC-1 and GAC-1 can adsorb gasoline vapor about 0.82 and 0.73 g/g 
respectively at equilibrium time of 1,500 seconds.  For adsorption temperature of 60°C, 
the differences in the amount of equilibrium uptakes for the four pairs become less. The 
Maxsorb III/gasoline vapor pair has uptake of 0.39 g/g followed by PAC-1/gasoline 
pair of 0.36 g/g and GAC-1/gasoline pair of 0.31 g/g as well as the ACF/gasoline pair 
of lowest equilibrium uptake of 0.21 g/g. 
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(b) ACF-1500 /gasoline pair 
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(d) GAC-1 /gasoline pair 
Figure 4.8 Experimental transient adsorption uptake of gasoline vapors onto 
the four carbon-based adsorbents at assorted adsorption temperatures 
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For comparison, the instantaneous uptakes of the four adsorption pairs at 
adsorption temperature of 20°C are shown in Figure 4.9.  It can be seen that Maxsorb 
III/gasoline pair exhibits much higher uptake than the other pairs at any time interval. 
This is due to the fact that Maxsorb III possesses large surface area and high micropore 
volume (Chapter 3) that allow the vapor molecules to access the interior of pores.  It is 
worth noting that the ACF-1500/gasoline pair shows an advantage for short period 
operation.  For example, it has identical adsorption capacity as Maxsorb III/gasoline 
pair in the first 60 seconds, and much higher adsorption uptake than GAC-1 and PAC-
1/gasoline pairs within the first 200 seconds.  This phenomenon can be explained that 
the ACF-1500 has much smaller micropores (super-micropores), leading to a fast 


































Figure 4.9 Instantaneous adsorption uptake of the four adsorption pairs at 
adsorption temperature of 20°C 
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In addition, Figure 4.10 shows typically the transient uptake under stepwise 
change of pressures at an adsorption temperature of 30°C for Maxsorb III/gasoline pair.  
It is perceptible that uptakes increase with pressures since the higher the pressure, the 
higher the adsorption potential or driving force.  Minor fluctuations of pressures can be 
observed owing to the operation of pressure control valve.  Identically, the equilibrium 
uptakes at varied pressures at assorted temperatures ranging from 20 to 60°C are 
















































Figure 4.10 Transient adsorption uptake versus time for Maxsorb III/gasoline 
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Table 4.4 Equilibrium adsorption uptakes for Maxsorb III/gasoline pair at 
assorted pressures and temperatures 
Pressure( kPa ) Uptake(g/g) Pressure( kPa ) Uptake(g/g) 
T = 20°C  T = 30°C  
2.5 1.095 2.5 0.897 
4.0 1.160 4.1 0.982 
5.7 1.186 5.8 1.064 
7.6 1.208 7.6 1.129 
T = 40°C  T = 50°C  
2.5 0.684 2.5 0.521 
4.2 0.822 4.0 0.668 
7.7 0.989 7.5 0.827 
T = 60°C    
2.5 0.415   
4.0 0.506   
7.6 0.698   
 
 It can be noted from Table 4.4 that the equilibrium uptakes increase with 
pressures under isothermal condition. At higher temperature, the pressure effect on the 
uptake is more obvious. For example, at temperature of 60°C, the uptake increases 17% 
when pressure changes from 2.5 to 7.5 kPa compared to 10% at 20°C.   This may be 
due to the fact that, at lower temperature, the vapor molecules can be more easily 
affiliated onto the pore surfaces, and the micropores could have been fully filled up 
with adsorbate at lower pressure.  In comparison with the pressure effect, the 
temperature influence on the uptake is more obvious. When temperature decreases from 
60 to 20°C at pressure of 2.5 kPa, the equilibrium uptake increases about 2.6 times 
(from 0.415 to 1.095 g/g). Therefore, it may be confirmed that the cooling effect plays 
an important role in the enhancement of adsorption capacity. 
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4.4.3.2 Correlations of Adsorption Isotherms  
Dubinin-Astakhov (D-A) equation, as described in section 4.2.1, is used to correlate the 
experimental adsorption isotherm data.  The numerical values of n, maximum uptake 
Wo and adsorption characteristic energy E are obtained by plotting ln (W) versus [T ln 
(Ps /P)]n , as presented in Figures 4.11 (a) to (d).    The value of n is allowed to change 
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.  It can be found 
that the best fitting of the experimental data with D-A equation corresponds to the value 
of n = 2.0.  As the exponential n of D-A equation reflects the degree of heterogeneity of 
micropore adsorbents and varies practically from 1.5 to 3 for activated carbon [8],  the 
Maxsorb III has n equal to 2.0, implying an heterogeneous surface.  The numerical 
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 for Maxsorb III/gasoline pair  
 
 
Figure 4.12 Plots of ln (W) versus [T ln (Ps/P)] 2 for ACF-1500/gasoline pair 
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 for PAC-1/gasoline pair 
 
 
Figure 4.14 Plots of ln (W) versus [T ln (Ps/P)] 2
In addition, the numerical values of n for other three pairs are also found to be 2 
as illustrated in Figures 4.12 to 4.14, implying identical heterogeneity of the four 
 for GAC-1/gasoline pair 
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adsorbents. Subsequently, the numerical values of Wo, E are obtained and tabulated in 
Table 4.5. 
 
Table 4.5 Experimental values of oW and E for the four adsorption pairs 








oW  ( g/g) 1.21 0.425 0.897 0.817 
E  (kJ/mol 9.96 ) 12.77 10.20 10.09 
 
It can be seen that the maximum vapor uptake, Wo for Maxsorb III/gasoline pair 
is the highest, almost 3 times that of ACF-1500 owing to the high micropore volume, 
followed by PAC-1.   Even though the ACF-1500 has similar surface area as GAC-1, 
but its maximum uptake is only 59 % of GAC-1’s, owing to its low pore volume. 
Therefore, the adsorption isotherms can be predicted by using the D-R equation 
(Equation 4.4) with the obtained numerical values of Wo and E for the four pairs.  
Figure 4.15 shows the adsorption isotherms under various temperature and pressures 
for Maxsorb III/gasoline pair.  The discrepancy between predicted uptake and 
experimental equilibrium data are within 3%.  It can be noted that the adsorption uptake 
is significantly influenced the adsorption temperature.  For example, at equilibrium 
pressure of 8.0 kPa, the adsorption uptake increases significantly about 60%, from 0.68 
to 1.1 g/g when the temperature decreases from 60 to 20°C.  This means that, as the 
adsorption is an exothermic process, the heat of adsorption released to the adsorbents is 
significant.  The heat partially adsorbed by the adsorbent consequently increases the 
adsorbent temperature, resulting in the decrease of adsorption capacity.  Therefore, in 
practical application, cooling medium (usually water or refrigerant) is needed to 
enhance the adsorption capacity by maintaining a low adsorbent temperature. 
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Figure 4.15 Adsorption isotherm for Maxsorb III/gasoline pairs 
(solid line: predicted isotherm; dot symbol: experimental data; error bar: ±3% ) 
 
In addition, by employing liquid density (an assumption for the adsorbed phase 
for adsorption at or below the adsorbate critical temperature [7,79] ), the maximum 
adsorbed volume, vo (Equation 4.1) can be estimated from Wo.  Values of  vo and the 
micropore volume of the adsorbent vmic (Table 3.2) are tentatively compared in Table 
4.6.  It reveals that the vo values close to vmic for Maxsorb III, PAC-1 and GAC-1 
adsorbents, implying that diameter of the micropores is large enough for the gasoline 
vapor molecules to travel into the pore surfaces.  However, for the case of ACF-1500, 
its vo is far below its micropore volume, vmic
 
.  This may be due to the fact that its super 
or even ultra micropores may be too small to access the molecules of certain 
hydrocarbons compounds of the gasoline vapor.  Thus, in this regard, Maxsorb III, 
PAC-1 and GAC-1 might be more suitable for gasoline vapor adsorption. 
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vo (cm3 1.57 /g) 0.55 1.12 0.95 
vmic(cm3/g 1.58 ) 0.78 1.21 0.98 
 
4.4.4 Adsorption Kinetics Correlation  
By employing the linear driving model, the overall mass transfer coefficient, ksav, can 
be estimated at each isotherm by plotting of ln[(W-w)/W] versus time.  Figures 4.16 and 
4.17 show typically the plots for Maxsorb III/gasoline and ACF-1500/ gasoline pairs.  
It can be seen that each isotherm yields a straight line through the origin to the most 
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 thus can be obtained from the slopes according to Equation 4.7. 
 
 
Figure 4.16 Variations of ln [(W-w)/W)] versus time for Maxsorb II/gasoline pair 
at assorted adsorption temperatures 
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Figure 4.17 Variations of ln [(W-w)/W )] versus time for ACF-1500/gasoline pair 
at  assorted adsorption temperatures 
 
Table 4.7 Overall mass transfer coefficients, ksav ( s-1) 
Temperature 
 
at assorted adsorption 













20 0.00298 0.00250 0.00201 0.0124 
30 0.00372 0.00310 0.00252 0.0144 
40 0.00490 0.00379 0.00331 0.0195 
50 0.00585 0.00438 0.00395 0.0249 
60 0.00755 0.00568 0.00481 0.0286 
 
 The values of ksav for the four pairs are tabulated in Table 4.7. It can be noted 
that the ksav for ACF-1500/gasoline pair is significantly higher than others, e.g. about 3 
to 4 times that of Maxsorb III/gasoline pair.  This can be due to the fact that the particle 
diameter of ACF-1500 is almost one-third of Maxsorb III, and thus the diffusion path 
through the ACF is much shorter, leading to a fast intraparticle diffusion [84].  On the 
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other hand, Maxsorb III/gasoline pair has higher ksav than PAC-1 and GAC-1/gasoline 
pairs, owing to its smaller particle diameter.  In addiction, ln (ksav
aE
) versus 1/T is plotted 
as shown in Figure 4.18 for the four working pairs.  It can be seen that the linear 
regressions can be satisfactorily yielded with least square above 0.97. Hence, from the 
slope and intercept of each straight line, the values of average activation energy and 
constant *soD can be obtained (Table 4.8).  The 
*
soD  of ACF-1500/gasoline pair is 
significantly higher than the other three pairs (about 10 times that of GAC-1).  This is 
again due to the small particle diameter of the ACF-1500, resulting in a fast diffusion.  
On the other hand, the Maxsorb III/gasoline pairs has *soD  about 2-3 times larger than 
PAC-1 and GAC-1/gaolien pairs, owing to its smaller particle diameter and larger 
micropore surface area (Table 3.2) which provide sufficient pore surfaces for the initial 
rapid micropore filling.  The difference in the activation energy of the fours pairs is not 
































Figure 4.18 Variation of  ln(ksav) versus (1/T) 
 ( solid line: linear regression; symbol: experimental data; error bar: ± 3% ) 
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Table 4.8 Experimental values of aE and 
*
soD for four adsorption pairs 












aE  (kJ/mol) 18.6 16.1 17.9 18.0 
 *soD  (s
-1 6.19 ) 1.84 3.20 19.5 
 
Comparisons between the experimental uptake and that predicted by using 
Equation 4.12 are shown in Figures 4.19 and 4.20 for Maxsorb III/gasoline and ACF-
1500/gasoline pairs at the assorted adsorption temperatures.  A good agreement for the 



































Figure 4.19 Compression between measured and predicted uptake of gasoline 
vapor onto type Maxsorb III activated carbon  
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Figure 4.20 Compression between measured and predicted uptake of gasoline 
vapor onto type ACF-1500 activated carbon fiber 
 
4.4.5  Isosteric Heat of Adsorption   
Figure 4.21 shows the isosteric heat of adsorption, Qst versus the surface loading, θ at a 
temperature of 20°C for the four adsorption pairs. It can be seen that the Qst varies 
significantly with the surface coverage, which is due to the energetically heterogeneous 
adsorption sites as well as the interaction between the adsorbed molecules.  The Qst is 
in turn dependent on the pressure and temperatures at which adsorption/desorption 
occurs. The Qst decreases with the increase of surface coverage, which shows similar 
trends to other studies [85-88].  Qst
In addition, it is noted that the Maxsorb III /gasoline pair has lower heat of 
adsorption than other three pairs, which may be due to its slightly homogenous 
 is initially at the highest point, which may be due to 
the heat released caused by the rapid micropore filling adsorption. With the increase of 
surface coverage, the isosteric heat of adsorption decreases asymptotically as the 
difference of the energy level on the adsorbent patches tends to reduce. 
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adsorbent surfaces. Thus, in a point of view on energy consumption for practical 
system, the Maxsorb III as adsorbent requires less thermal energy. 
Figure 4.22 shows influence of the adsorption temperature on the isosteric heat 
of adsorption, Qst.  It can be noted that, at any coverage, the Qst decreases with 
temperature because the heat of vaporization decreases with temperature (first tem on 
RHS of  Eq. 4.31).  However, the value of Qst is not so sensitive to the temperature as 
to the surface coverage.  For example, at any surface loading, the variation of Qst is 
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 decreases significantly 
about 40% (from 42 to 25 kJ/mol) with surface coverage changing from 0 to 90%. 
 
 
Figure 4.21 Isosteric heat of adsorption versus surface coverage for the four 
adsorption pairs  
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Figure 4.22 Isosteric heat of adsorption versus surface coverage at assorted 
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Figure 4.23 Ratio of activation energy to the heat of adsorption versus surface 
coverage 
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In addition, the ratio of the activation energy aE  (Table 4.7) to Qst
sta QE /=β
, i.e. 
 versus surface coverage for type Maxsorb III/gasoline pair is evaluated by 
plot of Figure 4.23.  It is perceptible that the ratio increases with the surface coverage 
owing to the decrease of the Qst aE since the activation energy  is constant. The ratio 
falls within the range of 0.48 to 0.78, which is compatible to other studies [88-92] 
where the β was found to be from 0.33 to 1.0 for the adsorption of hydrocarbon gases 
on various activated carbon adsorbents. 
 
4.5  Effect of Initial Bed Pressure on the Adsorption Rate 
4.5.1  Experimental 
.In gasoline vapor adsorption process such as the case of vehicle carbon canister, the 
adsorption occurs at low vacuum or even close to the atmosphere conditions. Thus, the 
effect of initial adsorption bed (chamber) pressure on the adsorption rate and uptake is 
further studied, which is usually ignored in the adsorption characteristics study because 
the adsorption bed normally undergoes out-gassing process by evacuation or 
vacuuming. 
In this regard, a set of adsorption experiments for Maxsorb III/gasoline pair, by 
using TGA apparatus as described in section 4.3.1, are carried out at various initial bed 
pressures ranging from 30 kPa to 71 kPa or corresponding pressure difference (∆ P=Pe-
Pc, Pe is the evaporator pressure and Pc is the chamber pressure) from 21 kPa to 62 
kPa under adsorption temperatures of 30°C and 35°C which are useful for gasoline 
emission control of vehicle. 
Prior to each adsorption test, the initial adsorption chamber pressure is obtained 
by injecting low density helium gas from the top of TGA into reaction chamber. This 
chamber pressure can be set and maintained by the pressure controlled modulating 
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valve. Meanwhile, a sample mass is continuously monitored before and after 
introduction of helium for more than an hour to ensure that no adsorption of helium by 
activated carbon takes place. This point is further elaborated in latter section. 
 Gasoline inside the evaporator is firstly cooled down to 10 °C and evacuated 
repeatedly to make sure that there is no vapor in the void space of the evaporator. Then 
the helium is charged into evaporator through valves V1 and V7 (Figure 4.2) until the 
pressure reaches 65 kPa. This pressure is always maintained for each test. Gasoline is 
then heated up to 30 °C, reaching the pressure of 92 kPa, which is maintained 
continuously. This initial evaporator pressure is recorded.  For each test, full fresh 
gasoline of same volume is always refilled to ensure consistent vapor temperature and 
pressure. The adsorption tests are carried out, following the same procedures as 
described in section 4.3.1(2). 
 
4.5.2  Theoretical 
To evaluate the effect of pressure, the “transition state theory” 
*ln KRTSTHG ⋅−=∆⋅−∆=∆
is introduced in this 
study.  It is assumed that there is a transient thermodynamic equilibrium between the 
reactants and transition complex, which is expressed by [14]: 
,              (4.34) 
where ΔG is Gibbs free energy change for formation of transition state, ΔH is the 
enthalpy change in the formation of the transition state and  ΔS is the entropy change of 
formation of the transition state.  K* is the equilibrium constant for the transition state. 
For the isothermal adsorption process, Equation 4.34 is partially differentiated with 
respect to pressure, giving: 
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*ln              (4.35) 
By assuming that the system is incompressible, i.e. ΔV does not vary with 
pressure, then integrating Equation 4.35 at constant temperature gives: 
1
* /ln CRTVPK +∆−=                  (4.36) 
whereas C1 is a constant. 




) in Equation 4.5 is proportional to 
the equilibrium constant K* , which can be expressed in logarithms forms [14]: 
  ,               (4.37) 
where C2
CRTVPak vs +∆−= /ln
 is constant.  To apply Equation 4.36 into 4.37, Equation 4.38 can be obtained: 
,               (4.38) 
whereas C ( =C1+C2) 
PPP e ∆−=
is a constant value. P is the adsorption chamber pressure which 
can be expressed by . Pe
CRTPRTVPCRTVPPak eevs +−∆⋅∆=+∆∆−−= ///)(ln
 is evaporator pressure. Thus, Equation 4.38 can 
be further expressed: 
 
Under constant adsorption temperature, T and constant evaporator condition, i.e. 
Pe CRTPeC +−= /' is constant,  is constant.  Therefore,  
'/ln CRTVPak vs +∆⋅∆=                (4.39) 
Therefore, under isothermal adsorption, the plotting of ln (ksav) versus ∆ P 











) with the ∆P can be 
described by rearranging Equation 4.39: 
,            (4.40) 




∆  is constant, thus Equation 4.40 can be further simplified into: 
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)exp(' PCCak TTvs ∆⋅⋅=  ,               (4.41) 
whereas )exp(; '' CC
RT
VC TT ==  







be given by Arrhenius form as described in Equation 4.11: 
               (4.42) 
Here, the Dso* is considered as a function of pressure difference ∆P  rather than 












































* is constant for zero surface loading.  
 
 
Figure 4.24 Adsorbent sample mass and adsorption chamber pressure versus 
time during charging of helium gas 
 
4.5.3  Effect of Helium Gas on the Adsorption Measurement 
In order to identify the accuracy of the experiment, the effect of helium gas on the 
adsorption measurement is firstly investigated. The reaction chamber pressure is 
continuously increased from 1.6 kPa to 103.3 kPa when charging the helium, 
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meanwhile the sample mass is recorded as shown in Figure 4.24.  The result shows that 
the adsorbent mass remains almost stable and no adsorption of helium occurs within the 
experimental range.  Therefore, it can be confirmed that the helium gas does not affect 
the adsorption uptake measurement. 
 
4.5.4  Adsorption Uptake  
Figures 4.25 and 4.26 show the transient changes of adsorption uptake versus time 
under the adsorption temperature of 30oC and 35°C respectively.  Experiments have 
been carried out at various pressure differences ranging from 21 kPa to 62 kPa.  It can 
be seen that the larger the pressure difference, the faster and higher are the adsorption 
uptakes, for example, 0.55 g/g at 62 kPa whilst 0.38 g/g at 21 kPa in the first 100 s at 
adsorption temperature of 30°C.  This scenario can be explained that, under high 
pressure difference or low chamber pressure, the partial pressure of gasoline vapor is 
higher and the vapor molecules can transport more easily through bulk helium gas and 
then diffuse within particles to the adsorption sites.  In contrast, under low pressure 
difference or high chamber pressure, the higher partial pressure helium gas retards the 
gasoline hydrocarbon vapor molecules to reach the pore wall and then to particle 
adsorption sites.  The vapor molecules have to traverse through the spaces occupied by 
helium gas and then diffuse within the adsorbent particles.  The equilibrium uptake is 
also higher at higher pressure difference, 0.98 g/g at 62 kPa compared to 0.65 g/g at 21 
kPa (at adsorption temperature of 30°C), which indicates a 50% increase in uptake with 
a three-time increase in pressure difference.  It can be concluded that, under lower 
initial bed pressure, the higher adsorption rate and uptake can be expected.  Therefore, 
a lower initial bed pressure is very useful for a higher adsorption rate and uptake, which 
can be achieved by a form of vacuuming, but it might be constrained by the operational 
or working conditions. 
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Figure 4.25 Adsorption uptakes vs. time at various pressure differences under 

































Figure 4.26 Adsorption uptakes vs. time at various pressure differences under 
adsorption temperature of 35°C (Maxsorb III gasoline pair) 
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4.5.5   Pressure Effect on the Adsorption Rate Constant  
The plots of ln [ (W-w)/ W ] versus time under various pressure differences at 
adsorption temperature of 30°C and 35°C are shown in Figure 4.27 and 4.28 
respectively.  Linear regressions can be yielded through origin for most part of 
isotherms, which validate the appropriation of LDF model (Equations 4.5).  Based on 
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can be calculated from the gradient of the regression line.  The deviation between LDF 
predicted uptake (Equation 4.13) and experimental uptake is satisfactorily found to be 
within 10% as shown in Figure 4.29. 
 
 
Figure 4.27 ln [(W-W) /W ] vs. time under adsorption temperature of 30°C 
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Figure 4.29 Deviation between LDF predicted uptake and experiemtnal uptake 
at various pressures differences,ΔP and two adsorption temperatures,T  
 ( ∆P in kPa, T in °C) 
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Table 4.9 Adsorption rate constant ksav
Adsorption Temperature 
(°C) 
 for various pressure differences ∆P 

















Table 4.9 summarizes the values of ksav under various pressures differences for 
adsorption temperatures of 30°C and 35°C.  It can be seen that ksav has a value 
between 0.0075 and 0.0101 s-1.  The plots of ln( ksav ) versus ΔP are as shown in Figure 
4.30, which are approximately linear with the R-square value above 0.95.  Therefore, 
the correlations of the ksav
)00438.0exp(00687.0 Pak vs ∆×⋅=
 with the pressure difference in the form of Equation 4.41 are 
obtained. 
   ,  T = 30°C            (4.43) 
)00514.0exp(00790.0 Pak vs ∆×⋅=  , T = 35°C             (4.44) 
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Figure 4.30 ln(ksav ) vs pressure difference under adsorption temperatures of 
30°C and 35°C 
 
On the other hand, ln (Dso*) versus various pressure differences can be 
calculated from the experimental ksav based on Equation 4.42.  The results are plotted 
in Figure 4.31, from which the correlations of the Dso*
)00438.0exp(00701.0* PDso ∆××=
 with pressure differences are 
obtained. 
,  T = 30°C                (4.45) 
)00514.0exp(00754.0* PDso ∆××= ,  T = 35°C            (4.46) 
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Figure 4.31 Dso* vs pressure difference under adsorption temperatures of 30°C 
and 35°C 
 
Therefore, the adsorption rate constant ksav in the Arrhenius form can be 
yielded by Equation 4.42.  A comparison of the experimental ksav with the ksav 
predicted using the proposed Equations 4.43 and 4.44 as well as the ksav calculated by 
adopting the Arrhenius form (Equations 4.45 and 4.46) is presented in Table 4.10, 
which demonstrate a good agreement with the errors less than 2%.  Figure 4.32 
demonstrates the good approximation of predicted uptake by proposed equations and 
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Table 4.10 Comparison of the ksav of experimental ksav (exp); prediction by 
































(  % ) 
30 
21.0 0.00750 0.00753 0.00756 0.43% 0.90% 
32.0 0.00800 0.00790 0.00794 1.20% 0.74% 
43.0 0.00840 0.00829 0.00833 1.26% 0.80% 
62.0 0.00900 0.00901 0.00906 0.15% 0.62% 
35 
22.0 0.00830 0.00833 0.00831 0.37% 0.18% 
30.0 0.00868 0.00868 0.00866 0.00% 0.18% 
40.0 0.00915 0.00914 0.00912 0.13% 0.32% 
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Figure 4.32 Adsorption uptake of experimental, predicted by proposed equation 
and predicted using Arrhenius form at pressure differences of 32 kPa under 
adsorption temperature of 30°C 
 
The ksav versus pressure difference based on Equation 4.43 is plotted in Figure 
4.33.  It can be noted that the pressure effect is significant. If pressure difference 
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increases from 20 to 95 kPa, the adsorption rate constant increases from 0.0075 to 
0.0105 (about 40%). Therefore, this study suggests that for the practical design of 
gasoline evaporative emission control or gasoline vapor recovery system, a lower initial 
chamber pressure or higher vacuum chamber condition is preferred.  However, the 
initial chamber pressure is constrained by the respective system design to suit for the 
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Figure 4.33 Effective mass transfer coefficient, ksav
4.6 Chapter Summary 
 versus pressure difference at 
adsorption temperature of 30 °C 
 
Gasoline vapor adsorption by four typical carbon-based adsorbents is found to be 
temperature and pressure dependent. The highest uptake is achieved when activated 
carbon type Maxsorb III is used, which is mainly contributed by its large surface area 
and high pore volume. Beyond the proofs from the pore-related surface characteristics 
study in Chapter 3, the adsorption characteristic studies on the gasoline adsorption 
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demonstrates that the Maxsorb III is satisfactorily a promising adsorbent for gasoline 
adsorption system. 
 Although gasoline comprises many species, experimental results show that the 
Dubinin-Radushkevich (D-R) isotherm model can adequately predict the gasoline 
equilibrium adsorption uptake under various temperatures and pressures.  In addition, 
Linear driving force (LDF) model is found suitable to represent well the gasoline 
adsorption kinetics.  
Isosteric heat of adsorption can be successfully estimated by employing 
classical thermodynamics, together with D-R adsorption isotherm. It is found that the 
isosteric heat of adsorption is highly dependent on the surface coverage, but insensitive 
to the temperature. The Maxsorb III/gasoline pair has lower isosteric heat of adsorption 
than other pairs, which consequently requires lower thermal energy consumption. 
Effect of initial adsorption pressure on the adsorption rate and uptake near 
atmospheric condition is also investigated using TGA apparatus. The correlation of the 
effective mass transfer coefficient or adsorption rate constant with the pressure 
difference between the evaporator and initial chamber is successfully obtained based on 
the transition theory, which exhibits an exponential form under isothermal adsorption 
process. The lower the initial chamber pressure or the higher the pressure difference, 
the higher are the adsorption rate and uptake, suggesting that, for practical design of 
gasoline evaporative emission control, a lower initial chamber pressure or higher 
vacuum chamber condition is preferred.  
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Chapter 5  
Numerical Simulation on Gasoline Vapor 
Adsorption System  
 
5.1 Introduction 
This chapter describes the transient model of an adsorption system for the gasoline 
vapor evaporative emission control.  A finned-tube adsorption bed supplied with 
alternating cooling and heating fluids to aid in the adsorption and desorption processes, 
is modeled.  The transient profiles of adsorption uptake under various conditions of 
cooling and heating water temperatures are presented. Such a study enables one to 
perform detailed parametric investigation of the key variables for the gasoline vapor 
adsorption system. The cooling effect on the adsorption performance is analyzed, 
demonstrating the advantage of finned-tube adsorber for the engineering design.    
In an adsorption system, the main drawback for performance is the high thermal 
and mass transfer resistances within the adsorbent bed. Although the Maxsorb III-
gasoline working pair can have up to 120% uptake of the Maxsorb III dry mass ( as 
discussed in Chapter 4),   the uptake ability may deteriorate when the heat of adsorption 
is released during the process [93].  Therefore, a proper understanding of the mentioned 
resistances in an adsorption bed or reactor can assist a designer to arrive at an 
optimally-sized heat exchanger (bed) that will perform in a transient or cyclic-steady 
state situation. [94-102].  The motivation of this chapter is to present the mathematical 
model and simulation codes for design. 
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5.2 Mathematical Modeling 
Figure 5.1 shows a schematic diagram of the gasoline vapor adsorption system. The 
finned-tube heat exchanger (adsorber) is contained inside the adsorption chamber, 
which consists of eight (8) copper tubes attached circularly with rectangular fins as 
shown in Figure 5.2.  The powder type Maxsorb III activated carbon is packed in-
between the fins.  When gasoline vapor flows into the adsorber as a result of 
vaporization, it is adsorbed by the Maxsorb III activated carbon. Cooling fluid is 
supplied to the finned-tube heat exchanger simultaneously to maintain a low adsorption 
temperature. During the desorption process, the adsorbed vapor is expelled out of the 
adsorbents by thermal heating (hot water) and application of vacuum. A schematic of 




Figure 5.1 Schematic of the gasoline vapor adsorption system 
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Figure 5.2 Sectional view of the finned-tube assembly containing the adsorbent 












Figure 5.3 Schematic of typical finned-tube section 
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 The main objective of the mathematical model is to obtain value of the transient 
adsorption vapor uptake, temperature and pressure profiles in the adsorption bed, and 
thus to identify the effect of key parameters such as cooling and heating water 
temperatures.  Owing to the small dimensions of the evaporative emission control 
device, a lumped parameter model is used.  The following assumptions are made in the 
modeling. 
 
(1) Temperature and pressure are uniform in the adsorption bed.  
(2) Temperatures of adsorbent, adsorbate and heat exchanging materials are same. 
(3) Gasoline vapor is adsorbed uniformly in the activated carbon.   
(4) The thermal and physical properties of dry activated carbon adsorbents, metal 
tubes and fins are constant. 
(5) The specific heat, thermal conductivity and density of gasoline vapor are    
constant ( Table 4.3) 
(6) The surrounding temperature of gasoline evaporator is constant, and gasoline 
inside the evaporator is in liquid-vapor phase equilibrium state. 
(7) Pressure loss across the pipe and fittings in between the evaporator and 
sorption chamber is estimated less than 0.5 kPa, which is about 3% of the 
adsorption pressure, and thus is neglected. 
(8) The heat leakage of the adsorption chamber is neglected as the chamber is well 
insulated and heat leakage is estimated to be less than 5% of the total heat 
transfer. 
(9) The entering temperature of cooling/heating fluid is constant. 
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5.2.1 Energy Balance 
Using a lumped-parameter approach, the energy balance for the finned-tube adsorber 




CwmCmCm japjachexphexacpac ,,, ++
 [ ]{ } ( )wiwowpwststjgegac TTCmQQThThdt
dwm −−−++−= ,
.
)1()()( δδ   (5.1) 
where j refers to adsorption or desorption, δ would be either 1 or 0 depending on 
whether the bed adsorbs or desorbs.  mhex refers to the mass of the finned-tube 
assembly, and Cp,hex to the mass-weighted average specific heat of the finned-tubes.  
Cp,a is the specific heat capacity of adsorbed-phase adsorbate, which is assumed to be 
equal to that of liquid phase [7,81]. wj
.
wm
 is transient adsorption uptake or desorption 
amount. is the flow rate of the external circulating fluid. hg is the enthalpy of 
gasoline vapor. Te is the evaporator temperature. Twi and Two
dt
dw
 are the entering and 
leaving fluid temperatures.  
The term on the left hand side represents heat regeneration in the activated 
carbon adsorbent, finned-tube heat exchanger wall and adsorbed-phase adsorbate. On 
the right hand side, the fist term denotes the heat rejections by adsorption or the heat 
absorption by desorption, and the second term expresses the heat transfer between the 
adsorber and the external circulating fluid (cooling or heating fluid).  As the adsorption 
chamber is well insulated, the heat loss to the chamber wall is assumed to be negligible. 
The adsorption rate  is predicted using LDF kinetic correlation as described in 
Chapter 4, in which the equilibrium uptake is predicted using D-R equation.  The heat 
of adsorption Qst 
The outlet temperature of the external cooling or heating fluid is calculated by a 
log mean temperature difference (LMTD) method and it is given by: 
is calculated using the correlations obtained by Equation 4.31. 
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refers to adsorption or desorption.  It can be seen from the above equation that the U 
value plays an important part in the heat transfer process because it governs the 
adsorbent temperature changes and consequently influence the adsorption capacity.  
The estimation of U value is presented in Section 5.2.2. 
The energy balance for the evaporator can be written as: 
 (5.3) 
where mevp, mel  
em
.
are the mass of evaporator material and gasoline liquid in the 




= .  hgl 
and hg are the enthalpy of the gasoline liquid and vapor respectively.  kevp is the 
thermal conductivity through the evaporator wall.  Aevp is the external surface area of 
the evaporator. δevp is the wall thickness of the evaporator.  Twt
.
/ eel mdtdm −=
 is the surrounding 
temperature (water bath temperature). Since the gasoline inside the evaporator is in the 
liquid-vapor phase equilibrium state, . 
 As the adsorption proceeds, the pressure of the adsorption chamber becomes 
identical to the evaporator pressure, i.e. ej PP =  under the assumption that the pressure 
loss across the pipe fittings in between the evaporator and adsorption chamber is 
negligible.  The initial conditions are: adij TT =)0( ; wte TT =)0( ; adij PP =)0(  and 
w(0)=0.0 where Tadi, Padi are the initial bed temperature and pressure respectively. Twt 
is the surrounding temperature of evaporator (water bath).  
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5.2.2 Overall Heat Transfer Coefficient  
In Chapter 3, the thermal conductivity of the solid Maxsorb III activated carbon has 
been obtained with a constant value of 0.11 W/mK in the temperature ranges of 20 to 
45°C.  However, as activated carbon adsorbent is porous, the influence of the gasoline 
flow on the thermal conductivity of the activated carbon during the adsorption process 
should be considered. 
  If the flow of the adsorbate gas (gasoline vapor) inside the adsorbent is stagnant, 
the actual thermal conductivity of type Maxsorb III with stagnant gasoline vapor 
adsorbate is estimated using Kunii and Smith approximation [103], the adequacy of 
which is also validated by Suzuki [8] and Nield [104].  The correlation is given as 
below: 
)]}/)(3/2(/[)1({ sggeo kkkk +−+= ϕεε    (5.4) 
where kg is the thermal conductivity of gasoline vapor adsorbate.  ks is the thermal 
conductivity of porous adsorbent solid (type Maxsorb III activated carbon).  ε is the 
porosity of the adsorbent. φ represents the contribution of solid to solid heat transfer. 
For ε >0.476, φ can be obtained based on the ratio of ks to kg
gpeoer kkk ⋅⋅+= RePr)(αβ
 in the reference [8]. 
To further consider the effect of gasoline flow dispersion in the radical direction 
for the finned-tube configuration, the effective thermal conductivity of the type 
Maxsorb III activated carbon can be yielded by [105]: 










=Re . Dp is adsorbent particle 
diameter. uo is the superficial velocity of gasoline vapor. νg 
Assuming that the temperatures of the bed, adsorbent and adsorbate are uniform, 
the convective heat transfer resistance between the adsorbent (circumferential surface 
is the kinematic viscosity of 
gasoline vapor. 
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Figure 5.4 Schematic of  thermal resistance for finned-tube configuration 
 













 can be calculated based on the thermal 
resistance analogy as illustrated in Figure 5.4 by Equation (5.6): 




































km,, kfin are the thermal conductivity of the metal tube and fin, respectively. Ai is the 
inner area of the metal tube. Af is the fin surface area. Lo is the total tube length 
excluding fin base sections. Lb is total length of tube sections attached to the fins. 
 The term hi
nNu PrRe023.0 8.0⋅=
 denotes the convective heat transfer coefficient on the water fluid 
side, which can be calculated using Dittus-Botter correlation: 
      (5.7) 
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In addition, fη denotes the fin efficiency, and can be calculated by Hong and 



















































ln35.011ξ . hsf 
4/33/1 Re)(/ prgpsf PBkDh =
represents the heat 
transfer coefficient of the thermal boundary layer which develops on fin wall surface, 
and is estimated  by Blasius-type equation [107] as: 
    (5.9)  











The physical and thermodynamic parameters, used in the simulation code are 
summarized in Table 5.1.  The simulation modeling is undertaken using FORTRAN 
computer language and its IMSL tools. 
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Table 5.1 Physical and thermal properties constants used in simulation model 
Parameters /Properties Symbol Value Unit Source 
Type Maxsorb III activated carbon adsorbent 





Porosity ε 0.71 - 
Thermal conductivity  k 0.11 s W/m K 
Dry mass in finned tube m 42.0 ac g 
Particle diameter D 72.0 p μm manufacturer 
Specific heat  capacity C 709.0 p ,ac J/kg K manufacturer 
Adsorption characteristic parameters of Maxsorb II/gasoline vapor 





Activation energy Ea  19.0 kJ/mol 
D-R equation constant  W 1.20 o g/g 
Adsorption characteristic energy E 9.96 kJ/mol 
Thermal and physical parameters of  finned-tube adsorber  





Outer tube radius r 7.52 o mm 
Fin radius r 19.52 f mm 
Fin pitch b 3.0 mm 
Fin thickness δ 1.0 fin mm 
Number of finned-tubes -- 8 -- 
Total fin surface area A 0.092 f m
Inner area of metal tubes 
2 
A 0.038 i m
Total tube length (fin sections) 
2 
L 0.20 b m 
Total tube length (no fin sections) L 1.0 o m 
Total surface area of evaporator A 0.052 evp m
Wall thickness of evaporator 
2 
δ 0.005 evp m 
Velocity of circulating water  u 0.5 w m/s 
Heat capacity of finned-tube material mhex C 451.0 p,hex J/K 
Heat capacity of evaporator mevp C 516.0 p,evp J/K 
Heat capacity of gasoline liquid mel C 367.0 p,gl J/K 
Thermal conductivity of evaporator k 18.0 evp W/m K 
Thermal conductivity of tube k 385.0 m W/m K 
Thermal conductivity of fin k 385.0 fin W/m K 
Thermal conductivity of water k 0.62 w W/m K 
Effective thermal conductivity of 
activated carbon  k 2.78 er W/m/K 
Overall heat transfer coefficient 
(adsorption) U 1280.0 j W/m
2
Overall heat transfer coefficient  
(desorption) 
K 
U 1359.0 j W/m2K 
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5.3 Results and Discussion  
5.3.1 Adsorption  
The simulation results of transient adsorption uptakes, temperatures and pressures are 
shown typically in Figures 5.5 and 5.6.  The entering cooling water temperature and the 
initial bed temperature are 30°C, and the adsorber is at vacuum condition.  The predicted 
uptake at 50% loading is 0.48 g/g, and this occurs at 190 seconds. It is related to the rate 
constant, ksav of 0.00364 s-1
vs akt /6932.05.0 =
, corresponding to the first-order reaction 
( ) [14].  It may be noted that the maximum gasoline uptake is 0.96 g/g 
at the equilibrium state at 1200 seconds or more. 
The heat of adsorption effect of the vapor uptake caused a rise in the bed 
temperature at the initial transient. A peak of 31.8 °C is observed within the first 2 
minutes before decreasing asymptotically due to the cooling effect from the circulating 
water.  The outlet water temperature increases simultaneously at beginning to absorb the 
heat released from the adsorbent and then decreases to approach the entering 
temperature when the adsorption uptake becomes saturated. 
When the valve to the evaporator is opened, a sharp bed pressure rise in 10 
seconds is observed in Figure 5.6, indicating that the gasoline vapor supply from 
evaporator is greater than the adsorption rate, which is caused by the large pressure 
difference between the evaporator and adsorption chamber.  As adsorption proceeds 
rapidly, the adsorption pressure becomes identical to the evaporator pressure in 30 
seconds. At 1200 seconds, the adsorption reaches saturation with equilibrium pressure of 
18.5 kPa. 
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Figure 5.5 Simulation results for transient adsorption uptake and temperature 
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Figure 5.6 Simulation results for transient adsorption uptake and pressure at 
cooling water temperature of 30°C 
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5.3.2 Desorption 
Figures 5.7 and 5.8 show the simulation results for a desorption process with entering 
heating water temperature of 85°C.  In the simulation, switching from adsorption to 
desorption is immediate.  It can be seen that the bed temperature increases rapidly from 
30°C to 85°C in 200 seconds by the thermal energy of the heating water.  As the bed 
temperature rises, the gasoline adsorbate is desorbed rapidly from 0.96 g/g  to 0.05 g/g in 
600 seconds, and the desorbed vapors are discharged at a rate similar to the withdraw 
rate of a vacuum pump.  Beyond this point, the desorption slows down, which is due to 
the flow resistance.  This is simulated by using an outlet back pressure of 1.5 kPa, as 
shown in Figure 5.8. 
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Figure 5.7 Simulation results of desorbed amount and temperature for 
desorption at heating water temperature of 85°C 
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Figure 5.8 Simulation results of desorbed amount and bed pressure for 
desorption at heating temperature of 85°C 
  
 Figure 5.9 shows the desorption profile under different heat source temperatures 
ranging from 70 to 95°C.  The bed temperature rises up to a steady state in 200 seconds 
at each heat source temperature, and the effect of thermal mass of the bed is observed.   
It may be noted that the higher the heating water temperature, the higher the desorption 
rate.  For example, for a fully desorbed state or zero loading, it takes 600 seconds with 
a heating temperature of 95°C whilst a time interval of 1200 seconds is needed at 80°C.  
At heat source temperature of 70°C, a thorough desorption could not be achieved, and a 
4.0 % residue can be observed.  From the simulation, a heating temperature of 80oC is 
most suitable for waste heat application. 
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Figure 5.9 Desorption profile at assorted heating temperature 
 
5.3.3 Effect of Cooling Water Temperature  
The effect of cooling water temperatures at 20 and 25°C is simulated. The initial bed 
temperature is set at 30°C.  Figures 5.10 and 5.11 show the simulation results with 
cooling water 25oC and 20oC respectively.  As the cooling water temperature is lower 
than the initial bed temperature, the released heat of adsorption can be arrested by the 
cooling effect, resulting in a monotonically temperature drop.  For convenience, the 
maximum adsorption uptakes, time intervals and rate constants for 50% loading as well 
as the equilibrium time under cooling water temperatures of 20, 25 and 30°C are 
tabulated in Table 5.2.  It can be noted that the lower the cooling water temperature, the 
higher the vapor uptake.  The uptake increases by 16.7 % when cooling temperature is 
reduced from 30 to 20°C.  Thus, the cooling effect on the adsorption uptake is noticeable.  
The rate constant increases with the temperature, leading to shorter equilibrium time and 
time intervals for 50% loading. 
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Figure 5.10 Simulation results for transient adsorption uptake and temperature 
for gasoline vapor adsorption using finned-tube adsorber at cooling water 
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Figure 5.11 Simulation results for transient adsorption uptake and temperature 
for gasoline vapor adsorption using finned-tube adsorber at cooling water 
temperature of 20°C 
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Table 5.2 Comparison for various cooling water temperature 
Cooling Water Temperature 
(°C) 20 25 30 
Equilibrium uptake, W (g/g) 1.12 1.04 0.96 
Time for 50% loading (s) 240 200 190 
Rate constant for 50% loading 0.00288 0.00346 0.00364 
Equilibrium time  (s)  1400 1300 1200 
 
To further identify the usefulness of cooling effect on the adsorption performance, 
a simulation is conducted for the case without cooling by ignoring the term of external 
heat transfer in Equation 5.1. The results are shown in Figure 5.12.  The peak of the bed 
temperature without cooling is as high as 43°C, resulting in a large decrease of the 
uptake by about 30%.  Thus, the advantage using finned-tube heat exchanger is obvious.  
 
Adsorption Uptake ( 
without cooling).
Adsorption Uptake ( 
with cooling )
Bed Temp( without 
cooling).













0 200 400 600 800 1000 1200 1400 1600 1800

































Figure 5.12 Comparison of transient adsorption uptake and bed temperature at 
initial bed temperature of 30°C  -  (1) with cooling (2) without cooling 
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5.4 Chapter Summary 
By establishing the modeling of the gasoline adsorption system using finned-tube heat 
exchanger adsorption bed, a numerical solution of the transient adsorption uptake, bed 
temperatures and pressures can be used for the design of the experimental facility 
(Chapter 5).  With such a simulation program, the range of operating conditions can be 
examined.  For example, using a cooling water of 30°C and a heat source temperature of  
80°C, a equilibrium adsorption capacity of 0.96 g/g can be achieved in a time interval of 
1200 seconds. 
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Chapter 6  
Experimental Study on Gasoline Vapor 
Adsorption System  
 
6.1 Introduction 
This chapter describes the experimental apparatus used in investigation for emission 
control of gasoline vapor by using adsorption method. The design of the apparatus is 
guided by the results from the mathematical modeling and the basic isotherm and 
kinetic data of earlier chapters.  The simulated results have led to a design where the 
adsorbent (type Maxsorb III activated carbon) is confined in the spaces between the 
finned-tube heat exchanger, comprising of eight tubes and the cooling or heating fluid 
could be introduced into the assembly in an alternating manner.  A range of 
experiments are planned to cover the expected range of temperatures and pressures of 
adsorbent-adsorbate experienced during the real charging and discharging processes.  A 
gravimetric approach has been designed to track the vapor uptake during processes, and 
these measured results are checked for accuracy with data of TGA experiment (only 
small samples are used) and the predicted results from simulation.  
 
6.2 Experimental Apparatus 
6.2.1 Configuration of the Apparatus 
Figures 6.1 and 6.2 show the schematic and pictorial view of the experimental 
apparatus for gasoline vapor adsorption.  It comprises of following components: 
(1) Copper Finned-Tube Heat Exchanger: The key component where the 
adsorption and desorption take place. It has eight finned-tubes and contains 
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activated carbon adsorbents in between the fins, and meanwhile exchanges heat 
with external cooling/heating water.   Its details are given in later part of this 
section. 
(2) Heavy-duty Stainless Steel Adsorption Chamber:  It contains the finned-tube 
heat exchanger, and has inner/outer diameter of Ø102mm/Ø112mm and height of 
229mm. 
(3) Gas-tight Stainless Steel Gasoline Evaporator: The gasoline vapor is generated 
by this evaporator.  It has inner diameter/outer diameter of Ø125 mm/Ø135mm 
and height of 60mm. 
(4) Constant Temperature Water Bath:  “HAAKE” K series, accuracy: ±0.1°C.  It 
is used to provide heating energy to gasoline vaporization, and control the 
temperature and pressure of gasoline vapor.  
(5) Temperature-controlled Hot Water Circulator: “Polyscience”821 water bath, 
accuracy ± 0.1°C.  
(6) Temperature-controlled Cold Water Circulator: “HAAKE” K50 water bath, 
accuracy: ±0.1°C. 
(7) Condenser:  It consists of 200mm “Frierich” borosilicate glass condenser and a 
50mm ID ball flask.  The desorbed gasoline vapor is condensed in the flask by 
ambient air. 
(8) Vacuum Pump: “KNF” model N842.3 FT.18 rotary vane type, flow rate: 5.0 
liter/min.  It is used to pull out the desorbed gasoline from the adsorber into the 
condenser. 
(9) Jet Pump: Lab fabricated unit. It is installed after the condenser to prevent any 
leakage of uncondensed hydrocarbons into the lab.
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Figure 6.1 Schematic of experimental apparatus for gasoline vapor adsorption
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 (a) Adsorption chamber section 
 
    
 













Chapter 6 Experimental Study on Gasoline Vapor Adsorption System 
    - 122 - 
     
 (d) Hot and cold water baths (e) Vacuum pump and condenser 
Figure 6.2 Pictorial view of gasoline vapor adsorption apparatus 
 
6.2.2 Adsorption Chamber 
The adsorption chamber is an essential component where the adsorption and desorption 
processes take place. Its pictorial view is shown in Figure 6.3. The top of chamber is 
covered with a 10mm thick stainless steel plate by using centered oil rings and 
clamping screws to form a vacuum enclosure. Thermal insulation is applied to the 
external surface of the chamber by using low thermal conductivity (0.037 W/m.K) 
armeflex sheets to reduce heat loss. Five ISO-KF vacuum flange connection outlets 
(DN16 ISO-KF, IDØ15.0 mm) on the top plate are provided for gasoline vapor 
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Figure 6.3 Pictorial view of adsorption chamber 
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6.2.3 Finned-Tube Adsorber 
Copper finned-tube heat exchanger, consisting eight pieces of finned-tubes ( tube  ID Ø 
9.5 mm/ODØ19.5 mm; fin height 5.0mm, fin pitch 3.0 mm, fin thickness 1.0 mm) is 
contained inside the chamber, as shown in Figure 6.4.  Figure 6.5 shows the pictorial 
view of the finned-tube assembly.  The powder-type Maxsorb III activated carbon 
adsorbent is filled in between the spaces of fins and secured in-situ by stainless steel 
mesh on the perimeter.  Sufficient spaces in between the finned-tubes cater for vapor 
flow on the circumferential surfaces of the finned-tubes. The length of vapor diffusion 
inside the carbon adsorbent is controlled by the fin height.  
 
 
Figure 6.5 Picture of finned-tube assembly 
 
Prior to the assembly of finned-tubes, the dry mass of the type Maxsorb III activated 
carbon packed into the finned-tube is determined as following procedure: 
Load cell 
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(1) Type Maxsorb III activated carbon powder is degassed using a moisture 
analyzer (Computrac Max 5000, readability 0.1 mg) with heating temperature 
of  200°C for 2 hours for thorough de-gassing. 
(2) Each bare finned-tube (straight section, length 150mm) is weighed using an 
“Ohaus”(model: IP15KS) weighing balance with an accuracy of ± 0.1 g.  The 
total weight of eight bare finned-tubes (including eight pieces of stainless steel 
mesh), mi 
(3) Maxsorb III powder is packed in between the fins and held in position by 
stainless steel mesh. 
 is  1,172 g or 1.172 kg.    
(4) Each finned-tube is weighed after the Maxsorb III powder is loaded, and the 
final weight of the eight finned-tubes, mo
(5) The dry mass of the Maxsorb III activated carbon  packed into the finned-tube 
is obtained by: 
 is 1,214 g. 
 ( )gmmm oiac 1.00.420.172,10.214,1 ±=−=−=  
(6) The packing density of the Maxsorb III activated carbon is calculated by: 
 3/205205.0/0.42/ mgVm oacpk ===ρ  
 ( Vo  is the space volume in-between fins, 0.205 m3
6.2.4 Measurement  
)  
 By soldering eight carbon-loaded finned-tubes with elbow fittings, a finned-tube 
heat exchanger (adsorber) is formed.   The finned-tube assembly is soldered onto a 3 
mm thick copper plate, and is placed onto a load cell support fixture, as shown in 
Figure 6.5.  Flexible stainless steel tubes are used to connect the finned-tube heat 
exchanger to the external water piping to allow free movement for weight measurement. 
 
The adsorption performance of gasoline evaporative emission control system is 
evaluated in terms of  the adsorption capacity or vapor uptake.  In consideration of the 
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diverse compositions of gasoline, use of the gravimetric method based on measurement 
of the weight change is more reliable.   A load cell (“Omega”, LCKD-10) is used to 
track the transient weight change m∆ of the finned-tube adsorber.  It works as a 
gravimetric analyzer with an accuracy of ± 1.5g.  The vapor uptake is computed 
by acmmw /∆= , and the max. absolute change of mass is around 50 g. Thus the 
experimental accuracy on the mass uptake is estimated to be ± 3.6 % error. 
 The load cell is firstly calibrated using standard weight as shown in Figure 6.6.  
An acrylic enclosure is attempted to prevent disturbance from surroundings.  The 
output signal voltages (in mV) of the load cell are recorded for different standard 
weight.  Calibration factor is obtained by plotting the recorded voltage against each 
standard weight. 
 
   
    (a) Load cell   (b) Calibration of load cell 
Figure 6.6 Calibration of load cell 
  
Two “Omega” precision thermistors with an accuracy of ±0.1°C are embedded 
into different locations inside the finned-tubes to measure the adsorbent temperature.  
As these sensors and load cell are placed in the chamber, an electrical lead through 
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temperature is measured by a 4-wire RTD temperature sensor (±0.1°C).  Bed pressure 
is measured by MKS Baratron pressure sensor (type 631A) with a precision of 0.01 kPa. 
 In addition, the temperature and pressure of gasoline vapor inside the evaporator 
are monitored and measured by a 4-wire RTD temperature sensor (±0.1°C) and a 
“Kyowa” pressure transducer (PGS-10A, 0.07% of scale range) respectively.  The 
entering and leaving temperatures of the cooling/heating water are measured by 2-wire 
RTD sensors ( ±0.2°C ) and water flow rate is measured by “Blue-White” rotameter 





    
MKS Pressure sensor     “Kyowa” pressure transducer 
Figure 6.7 Photography of measuring Instrument 
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6.2.5 Experimental Procedures 
Prior to each adsorption test, the adsorbent is regenerated by hot water with a 
temperature of 90-95 °C whilst the chamber is evacuated to a pressure of 1.5 kPa.  
After regeneration, the chamber is cooled down until the stabilization of adsorption 
mass.  The adsorption chamber is then isolated by shutting off the valves in-between 
the adsorption chamber and hot/cold water baths.  The hot and cold water baths are 
heated or cooled to the required temperatures.  
The adsorption process is started by opening the valves (V1, V2 and V3 in 
Figure 6.1) between adsorption chamber and evaporator. Cooling water is 
simultaneously supplied to cool the adsorbent. The adsorption process completes when 
the adsorbent mass remains constant for at least 15 minutes.  The desorption process is 
then commenced by opening the valve V-4 (V-1 to V-3 are closed).  Circulating water 
supply is instantaneously switched to the hot water bath.  The mass of the adsorbent is 
recorded continuously until full desorption. The vacuum pump aids in pulling the vapor 
out of the adsorber into the borosilicate condenser where the gasoline vapor is 
condensed. 
Gasoline vapor inside the evaporator is maintained at constant temperature 
during the adsorption process. For each test, fresh gasoline is refilled to ensure the 
consistent sample quality.  All parameters including mass uptake, pressure and 
temperature are monitored at intervals of 5.0s by the HP data acquisition unit.  
 
6.3  Results and Discussion 
6.3.1 Adsorption Uptake of Gasoline Vapor 
The measured transient vapor uptake and adsorbent temperature versus time at a 
cooling water temperature of 30°C are shown in Figure 6.8.  It exhibits rapid adsorption 
uptake for the first 100s and increase asymptotically after 600s with an equilibrium 
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uptake of 0.96g/g.  The experimental uptake coincides with the simulated uptake, 
indicating an identical adsorption rate.  The time interval for 50% loading is 190s as 
predicted by the simulation.  However, the uptake is lower than the prediction between 
time intervals of 200s and 1100s. This is due to the radial and axial variations in 
temperature along the activated carbon filed between the fins. Poor thermal 
conductivity of the carbon matrix does not allow rapid dissipation of heat of adsorption 
nor rather acquisition of heat of adsorption.  After 1,800s, the equilibrium uptake 
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Figure 6.8 Adsorption uptake and adsorbent temperature versus time at 
cooling water temperature of 30°C ( lines in black represent the predicted results ) 
 
The adsorbent temperature rises to a peak by 1.5°C in first 100s, identical to the 
prediction by the simulation.  After this point, bed temperature declines more slowly 
than the simulation results, which may be also due to the heterogeneous surfaces of the 
porous adsorbent, resulting in poorer heat transfer rate.  After time interval of 1,000s, 
the experimental and predicted adsorbent temperatures tend to stabilize towards the 
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cooling water temperature.  This is due to the fact that the pores of adsorbent surfaces 
are fully saturated by the adsorbate, and thus no heat of adsorption is released from the 
adsorbent.  Figure 6.9 shows the transient bed pressure during the adsorption process.  
An upward variation of the actual bed pressure compared to the simulation after time 
interval of 100s is noted.  This corresponds to variation of radial and axial momentum 
diffusivity. A lower momentum diffusivity results in a lower vapor adsorption rate., 
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Figure 6.9 Adsorption uptake and bed pressure versus time at cooling water 
temperature of 30°C (lines in black represent the predicted results) 
 
6.3.2 Effect of Cooling Water Temperature 
The effect of cooling water temperature has been discussed in Chapter 5, where it is 
predicted that the lower the adsorption temperature, the higher the adsorption uptake. 
Experimental results, as shown in Figures 6.10 to 6.12, validate this assertion.  It can be 
seen that the effect of cooling temperature is significant, for example, the equilibrium 
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uptake is 1.12 g/g at 20°C compared to 0.83 g/g at 35°C, or 35% increment in uptake 
with 15°C decrease in cooling water temperature.  Therefore, the usefulness of cooling 
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Figure 6.10 Adsorption uptake and adsorbent temperature versus time at 
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Figure 6.11 Adsorption uptake and adsorbent temperature versus time at 
cooling water temperature of 25°C 
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Figure 6.12 Adsorption uptake and adsorbent temperature versus time at 
cooling water temperature of 35°C  
 
6.3.3 Effect of Cooling on the Adsorption Uptake 
A significant improvement of the adsorption uptake is observed when cooling is 
initiated, as seen in Figure 6.13, which is also indicated by the simulation results 
(Figure 5.12).  It can be seen obviously that the equilibrium adsorption uptake with aid 
of cooling water is 0.96g/g as compared to 0.70g/g for the case of no cooling, i.e. about 
37 % increase. The fluctuation of adsorbent temperature is also greatly reduced when 
using cooling water, which thus contributes to enhance the adsorption capacity.  
In the case of no cooling, the adsorbent temperature increases rapidly, initially 
from 30°C to 48°C, or a rise of 18°C.  As the adsorption rate slows down, the 
temperature drops asymptotically to 36°C in 1,800 seconds, and thereafter may tend to 
go down to its initial temperature over a long period.  If cooling is introduced, the 
released heat of adsorption is transformed to the cooling water, thus maintaining a low 
adsorbent temperature throughout the adsorption process with a maximum temperature 
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rise of only 2°C.  As the adsorption is sensitive to temperature, low adsorbent 
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Figure 6.13 Comparison of adsorption uptake and adsorbent temperature 
versus time without and with cooling (30°C)  
 
6.3.4 Desorption  
The desorption process is crucial as the effective adsorption capacity of an adsorption 
process eventually depends on the net adsorption uptake between adsorption and 
desorption process.  Figures 6.14 and 6.15 show the desorption results with hot water 
temperature of 85 and 95°C.  Desorption starts after the completion of the adsorption 
process (at adsorbent temperature of 20°C and 30°C, respectively). The adsorbent can 
be heated up to the heating water temperature in 200s for both tests.  It can be observed 
that desorption rate at 85°C heating water is slower than 95°C.  For heating water of 
95°C, 95% of the adsorbed gasoline vapor can be expelled in 400s, whilst 900s is 
needed for 85°C.  For vehicle evaporative emission control, the coolant, normally with 
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Figure 6.14 Transient desorbed amount and adsorbent temperature at heating 
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Figure 6.15 Transient desorbed amount and adsorbent temperature at heating 
water temperature of 85°C 
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In addition, desorbed gasoline vapor is recovered by the condenser. The 
volumetric percentage of the desorbed gasoline vapor (by GC apparatus as described in 
Chapter 4) is also tested and compared in Table 6.1. 
 
Table 6.1 Comparison of gasoline vapor compositions (% by Volume) 
Compound Original Desorbed gasoline 
Paraffins 40.4 60.8 
Olefins 20.6 29.1 
Napthenes 4.3 4.0 
Aromatics 33.0 6.0 
Benzene 1.8 1.7 
 
The percentage of paraffins in desorbed gasoline vapor increases by 50%, whilst 
the aromatics become less.  This is due to the vaporization of the low boiling point of 
light hydrocarbon compounds such as butane, pentane and hexane, which belongs to 
paraffin’s group, whilst aromatics including toluene, ethyltoluene and ethylbenzene are 
mainly high boiling point hydrocarbons.  As gasoline is valuable commodity, this 
finding suggests the usefulness of future research with this apparatus on the dual effects 
in terms of environmental protection and energy saving. 
 
6.3.5 Adsorption Isotherm  
The equilibrium gasoline vapor uptakes for the finned-tube adsorber at assorted cooling 
water temperatures can be correlated into the adsorption isotherms since the 
temperature variations of the adsorbent are insignificant (< 2.0°C) during the 
adsorption process.  Therefore, the equilibrium uptakes at assorted cooling water 
temperatures are regressed based on the D-A (D-R) model as described in Chapter 4.  
By the plots of ln(W) versus )/ln( PPsT n as shown in Figure 6.16, the values of the D-
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=1.13 g/g and E = 5.93 kJ/mol. 
As n equals to 2, the D-A equation reduces into the D-R equation. 
 
 
Figure 6.16 Ln (W) versus [T ln (Ps/P)] 2 
 
It can be noted that the R-square value of the regression is 0.9558, which is 
lower than that of TGA results (Figure 4.11).  As the adsorption process is not ideally 
isothermal, the correlation using the D-R model is therefore approximate.  
By using the D-R equation, the equilibrium adsorption uptakes for finned-tube 
adsorber under various temperatures and pressures can thus be predicted as shown in 
Figure 6.17.  It can be seen that the temperature significantly affects the vapor uptake. 
For example at pressure of 15 kPa, when the temperature changes from 85 to 25°C, the 
vapor uptake increases by almost ten-fold.  This result demonstrates the significance of 
using thermal energy to aid in the desorption and adsorption for the gasoline vapor 
adsorption system. 
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Figure 6.17 Predicted adsorption isotherm of gasoline vapor onto Maxsorb III 
using finned- tube adsorber by D-R equation  
 
Table 6.2 Comparison of experimental values of n, oW and E by TGA and 
finned-tube adsorber 
Items n oW  ( g/g) E  (kJ/mol 
TGA 
) 
2 1.21 9.96 
Finned-Tube Adsorber 2 1.13 7.93 
 
The D-R isotherm correlations for the small sample (by TGA) and the large 
adsorbent mass using finned-tube adsorber are compared by Table 6.2.  The maximum 
uptake of the small sample (TGA), Wo is about 7% higher than that of the finned-tube 
adsorber.  This is expected because the adsorption process using finned-tube heat 
exchanger is initially non-isothermal due to the heat of adsorption released, whilst for 
the case of  TGA, the sample is so small that it can be cooled down instantaneously to 
maintain an isothermal condition throughout the experiment. The adsorption 
characteristics energy E of the finned-tube is much lower than that of TGA, which 
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arises due to the differences in non-equilibrium and equilibrium states of adsorption. 
The experiment for finned-tube is treated with non-equilibrium state and doesn’t allow 
for sufficient time constant (in consideration of practical condition) as TGA experiment, 
resulting in a lower predicted uptake. Consequently, a non-equilibrium state will 
predict a lower energy of adsorption. 
 
6.3.6 Adsorption Kinetics 
As the fluctuations of the adsorbent temperature in the finned-tube adsorber are small 
with external cooling, the gasoline vapor adsorption kinetics can thus be approximated 
by the LDF or pseudo first-order model as described in Chapter 4.  By applying 
Equations 4.10 and 4.11, the overall mass transfer coefficients or the adsorption rate 
constant, ksav  under assorted cooling water temperatures can be obtained from the plot 
of Ln [(W-w)/W] versus time (Figure 6.18) which exhibits approximately linearity.  The 
values of ksav
Table 6.3 k
 are tabulated in Table 6.3.  The predicted uptake and actual experimental 




 under assorted cooling temperatures for finned-tube adsorber 
20 25 30 35 
ksav (s-1 0.00280 ) 0.00337 0.00358 0.00415 
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Figure 6.18 Variation of ln [(W-w)/W)] versus time for Maxsorb II/gasoline 
































Figure 6.19 Comparison of experimental uptake and uptake predicted by using 
LDF model at cooling temperature of 30°C 
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Figure 6.20 Comparison of experimental uptake and uptake predicted by using 
LDF model at cooling temperature of 20°C 
 
In comparison with the small sample (TGA experiment in Chapter 4), it can be 
found that the overall mass transfer coefficient for the finned-tube adsorber has the 
same order of magnitude. At 30°C, the values of ksav for the finned-tube adsorber and 
TGA sample are 0.00358 s-1 and 0.00372 s-1, respectively.  As the adsorbate diffusion 
length or traveling distance inside the finned-tube adsorber is small (5mm), the intra-
particle mass transfer is the rate controlling [7] for both cases, leading to an identical 
rate of adsorption.  In addition, the good agreement is due to the fact that the AC 
packing density in the finned-tube is quite small (205 kg/m3
By employing the methodology used in Equation (4.11), ln (k
), which implies 70-80% 
void and thus puts very little resistance to mass transfer.   
sav) versus 1/T is 
plotted in Figure 6.21, which indicates a linear regression with R2
aE
 above 0.96. From the 
slope and intercept, the values of average activation energy and constant *soD are 
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obtained at 18.63 kJ/mol and 5.99 s-1 aE, respectively. The values of and 
*
soD  for the 












0.0032 0.00325 0.0033 0.00335 0.0034 0.00345









Figure 6.21 Variations of ln (ksav
Table 6.4 Comparison of experimental values of 
) vs. (1/T)  




soD  for finned-tube 
adsorber and small sample by TGA  
Item Finned-Tube Adsorber TGA 
aE  (kJ/mol) 18.63 18.60 
*
soD  (s
-1 5.99 ) 6.19 
 
It can be noted from Table 6.4 that  the values of aE  of the finned-tube adsorber 
and the small sample (by TGA) are very close, which is due to the fact that aE  is the 
energy barrier that adsorbate molecules have to overcome in order to move from site to 
site on the adsorbent pore surfaces[7,8].  The value of *soD  for finned-tube adsorber is 
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about 5 % smaller than that of the small sample, resulting in the overall mass transfer 
coefficient about 5 % lower than that of the small sample.  This is perceptible because 
the diffusion length or traveling distance of the adsorbate vapors inside the finned-tube 
adsorber is longer than the small sample. The adsorbate vapors have to flow through 
the packed adsorbent particles before entering the pore surfaces and interiors.  
 
6.4 Chapter Summary 
The adsorption uptake of gasoline vapor onto type Maxsorb III activated carbon using a 
finned-tube heat exchanger is successfully measured using a gravimetric method.  
During the transient adsorption process, the finned-tube adsorber is supplied with 
cooling water at 20oC to 35o
It can be concluded that the adsorption apparatus using a finned-tube adsorber 
with aid of cooling/heating source can achieve high adsorption rate and uptake. These 
results are reproducible by simulation and experiments. This apparatus thus can be 
recommended as a practical method for gasoline vapor evaporative emission control. 
C. The equilibrium uptake can achieve 0.96 g/g at 30°C and 
1.12 g/g at 20°C.  With the finned-tube heat exchanger design, the measured kinetics 
uptake can achieve 50% of the equilibrium uptake within a time interval of 5 minutes. 
The experimental results of the adsorption uptake are found to be in agreement 
with the predicted results by numerical simulations.  The equilibrium vapor uptake and 
transient uptake kinetics are also found to fit the D-R isotherm and LDF kinetic model, 
respectively.  The maximum uptake of the finned-tube adsorber is 7% lower than the 
TGA sample due to the initial non-isothermal condition as well as heterogeneity and 
high packing density of the adsorbent sites.  The finned-tube adsorber exhibits identical 
overall mass transfer coefficient or rate constant as small sample by TGA measurement, 
indicating its effective mass transfer inside the type Maxsorb III activated carbon 
adsorbent. 
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Chapter 7  
Conclusions  
 
7.1 Summary of the Thesis 
The adsorption characteristics of gasoline vapor with the carbon-based adsorbents have 
been studied quantitatively and experiments on adsorption of the gasoline (vapor) for 
evaporative emission control have been conducted.  The major conclusions of this 
thesis are summarized as follows: 
(1) The type Maxsorb III activated carbon (AC), evaluated using the nitrogen 
adsorption and gasoline vapor adsorption (TGA), is found to be suitable for the 
gasoline vapor adsorption. It is highly microporous and possesses a large 
surface area of 3,151 m2/g and pore volume of 1.73 cm3/g, responsible for high 
adsorption uptake of gasoline vapor, up to 1.21 gram of gasoline vapor at 20°C, 
which is about 5-6 times higher than the max. uptake reported in the literatures 
[64]  (under identical temperature and pressure, BET surface area of  993 m2
(2) The gasoline vapor adsorption characteristics of  four types of AC are presented 
in the form of isotherm, kinetics and heat of adsorption, which were obtained 
over a useful range of temperature ranging from 20 to 60°C.  Although the 
gasoline vapor comprises many species, the experimental results show that: 
/g). 
a) Dubinin-Radushkevich (D-R) isotherm model can adequately predict the 
gasoline vapor equilibrium adsorption uptake under various temperatures 
and pressures. 
b)  The linear driving force (LDF) model is found suitable to represent 
accurately the kinetics of gasoline vapor adsorption. 
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c) The influence of temperature on gasoline vapor adsorption is significant. 
The lower the temperature, the higher the adsorption uptake. For example, 
the equilibrium adsorption uptake is 1.095 g/g at 20°C compared to 0.415 
g/g at 60°C at a pressure of 2.5 kPa for the Maxsorb III/gasoline pair. 
d) Isosteric heat of adsorption was correlated successfully by employing 
thermodynamic theory, which is dependent on the surface coverage and 
temperature. 
e) The effect of initial adsorption bed (chamber) pressure on the adsorption 
uptake and rate is noticeable, but it is usually ignored in the adsorption 
characteristics study because the adsorption bed normally undergoes out-
gassing process by evacuation or vacuuming. This pressure effect can be 
explained by the transition theory, and the correlation of the adsorption rate 
constant or effective mass transfer coefficient against the pressure 
difference (between the vapor pressure and initial bed pressure) is 
successfully obtained in an exponential form. This is useful for practical 
system where the initial bed condition might not be in a vacuum or semi 
vacuum, and thus it is constrained by the operational or working condition. 
(3) Based on the correlations for gasoline vapor adsorption characteristics, the 
mathematical modeling of an adsorption system, using finned-tube heat 
exchanger supplied with alternating cooling and heating fluids to aid in the 
adsorption and desorption processes, is established. The numerical solutions of 
transient adsorption uptake, temperature and pressure are obtained and can be 
used for the design of practical systems.  The finned-tube adsorption apparatus 
shows a high and fast absorbability. For example, using cooling water at 30°C 
and heat source temperature of 80°C, adsorption capacity of 0.96 g/g can be 
achieved in a time interval of 1200 seconds. 
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(4) Using the simulation results, an adsorption apparatus using finned-tube heat 
exchanger as adsorption bed is successfully fabricated and tested with the 
measurement by a gravimetric method.  During the adsorption process, the 
finned-tube adsorber is externally cooled with cooling water at 20 to 35°C and 
the measured equilibrium uptake can achieve up to 1.12 g/g, whilst a 50% 
uptake at transient is achieved within a time interval of 5 minutes.  This is 
attributed to the thinner adsorption layer of finned-tube as well as the cooling 
effect.  The shorter diffusion path for gasoline adsorbate molecules allows a fast 
adsorption rate.  The effect of cooling is significant, and the vapor uptake can be 
increased by almost 30% with a lower adsorbent temperature. External coolant 
readily removes the released heat of adsorption, especially at the initial stage 
where the uptake is most rapid, and thus reduces fluctuation of the adsorbent 
temperature. 
 
7.2 Recommendations for Future Work 
Further recommendations for future research work in the topic are given as follows:  
(1) Heat leak was ignored in the energy balance, but it may be accounted for in 
future work if the chamber is non-insulated. 
(2) A two-bed system can be used to obtain the transition effect (switching period) 
which is absent with the current one-bed system as the effect may improve the 
overall adsorption efficiency. 
(3) A “Shell” 98 octane number gasoline is used throughout this study. Adsorption 
experiments using other octane numbers may be investigated to confirm the 
significance of the effect of additives. 
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Appendix A  
Derivation of Surface Characteristics 
 
(1) Surface Area 
It is defined as the total surface area per unit mass of adsorbent.  Brunauer-Emmett-
Teller (BET) method [11] is the most widely used procedure for the determination of 
the surface area of solid materials and expressed as: 






























          (A.2) 
where q is the volume of adsorbed gas, m3 at a relative pressure, Pr =P/Po,  qm is the 







BET constant representing the magnitude of the interaction between adsorbent and 
adsorbate.  The BET plot of  vs. Pr  can be obtained by fitting the best straight 





< 0.35 [11].  The slope, m 
and intercept, i of the plot are: 
, 
Bm Kq
i 1= , 
from which qm im
qm +
=
1 can be yielded, i.e. .  Thus the total BET surface area, At 








/g) can be obtained: 
    ,      (A.3) 
   stBET mAA /=  ,      (A.4) 
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where N is Avogadro’s number (6.022 x 1023 molecules/mol), Mv is the molar volume of 
adsorbate (22,414 cm3/mol for nitrogen gas), Acs is cross-sectional area of a adsorbate 
molecule (16.2 Å2 for the hexagonal close-packed nitrogen monolayer at 77 K) and ms
(2) Total Pore Volume 
The total pore volume, v
 is 
the sample weight (g). 
 
t (cm3/g) is derived from the amount of vapor adsorbed at a 
relative pressure close to unity, by assuming the pores are filled with liquid adsorbate. 





/g), at Pr close to unity, can be converted 
into the total volume of liquid nitrogen contained in the pores. 
       (A.5) 
where Pa and Ta are ambient pressure and temperature, respectively, R is the gas constant 
and vm is the molar volume of liquid nitrogen (34.7 cm3
(3) Average Pore Size 
The average pore size can be estimated from the pore volume.  For cylindrical and sphere 








 can be obtained by the following: 




vr 4= (sphere pore)  (A.6) 
where vt is total pore volume(Equation A.5) and ABET
(4) DFT Method for PSD analysis 
 is the specific BET surface area 
(Equation A.4). 
 
The DFT method employs the relations between the local isotherm of individual pores and 
the experimental isotherm of the sample. In mathematical terms, the experimental isotherm 
measured on a sample of porous solid is the integral of the local isotherm of the individual 
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pore size multiplied by the relative pore size distribution.  For slit-shape pores of most 







H sHs ∫=     (A.7) 
where V(P/Ps) denotes the experimental adsorbed volume as a function of relative 
pressure, P/Ps. H is the pore width. VH (P/P s, H) is the isotherm of a single pore of width 
H. Hmax and Hmin 






















are the width of the smallest and largest pores present and f(H) is the pore 
size distribution function. 
If f(H) is derived based on a smooth, homogenous pore surface, which is one 
dimension normal to the pore wall. The DFT method is thus called NLDFT model and f(H) 
is given by [33]: 
           (A.8) 
where V1 and V2 are the volume of pores in different ranges. µ1, µ2, σ1 and σ2 define 
the shapes of the distribution. By varying these parameters, a f(H) that best fit the 
experimental isotherm V(P/Po) can be obtained.  As a result, PSD is obtained by 
solving the numerical Equations A.7 and A.8 via a fast non-negative least square 
algorithm. 
If pore surface roughness is taken into account, the NLDFT model is 
transformed into the QSDFT model (quenched solid density functional theory) [108]. 
As its mathematical derivation is lengthy, it is not presented in details in this thesis. In 
this study, the fitted isotherms using QSDFT model is found to be more accurate than 
NLDFT method (results are demonstrated in Figures A.1(a) and (b)), and therefore the 
QSDFT model is employed for the PSD analysis in Chapter 3. 
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(5) Experimental Data of Nitrogen Adsorption 
Table A.1 Nitrogen isotherm data for type Maxsorb III powdered activated 
carbon 












2.71332E-06 0.2316  1.49713E-01 755.1597  8.50261E-01 1066.4375  
3.27565E-06 3.6009  1.74667E-01 794.3958  8.75362E-01 1069.4305  
4.03405E-06 40.3493  1.99940E-01 831.2638  9.00089E-01 1072.7569  
6.01292E-06 55.3852  2.25224E-01 865.9860  9.25004E-01 1076.2431  
8.05472E-06 65.7825  2.50508E-01 896.5070  9.49574E-01 1080.8959  
1.01182E-05 73.7660  2.75921E-01 923.1250  9.76450E-01 1090.0208  
3.00239E-05 119.7000  2.99600E-01 944.2778  9.94934E-01 1118.9584  
5.00982E-05 149.7146  3.25000E-01 963.3126  9.48782E-01 1087.7847  
7.01183E-05 172.0236  3.51134E-01 978.8125  8.99704E-01 1078.0833  
9.00992E-05 189.5965  3.76710E-01 990.7847  8.49307E-01 1072.0695  
1.99412E-04 248.4778  4.02002E-01 1000.3264  7.99129E-01 1066.4583  
4.00832E-04 297.9264  4.24777E-01 1006.7777  7.48881E-01 1062.2291  
6.00690E-04 314.4153  4.49980E-01 1012.7223  6.98898E-01 1056.8680  
8.00460E-04 325.9062  4.75250E-01 1017.6945  6.48935E-01 1050.9028  
1.00171E-03 341.0625  5.00335E-01 1022.0348  5.98811E-01 1044.4514  
3.08700E-03 407.0910  5.25549E-01 1025.8194  5.49168E-01 1037.4306  
5.13540E-03 432.1826  5.50569E-01 1029.4236  4.99916E-01 1028.2779  
7.38198E-03 449.3479  5.75702E-01 1032.6805  4.49803E-01 1016.9028  
9.24418E-03 460.1076  6.00698E-01 1035.8611  4.00692E-01 1002.7223  
9.67983E-03 461.0951  6.26293E-01 1040.4860  3.48531E-01 978.7916  
2.02849E-02 500.7007  6.50403E-01 1043.5694  2.99558E-01 944.8681  
2.56724E-02 515.8319  6.75507E-01 1046.5626  2.48711E-01 893.9097  
3.07729E-02 528.7847  7.00834E-01 1049.1666  1.99421E-01 830.6111  
4.09785E-02 552.2125  7.25474E-01 1051.6736  1.50059E-01 754.5555  
4.97407E-02 571.1340  7.50624E-01 1054.1875  1.00260E-01 668.3569  
7.74437E-02 626.0513  7.75719E-01 1056.7153  5.01140E-02 571.3069  
9.93127E-02 667.6097  8.00759E-01 1059.0487  2.50873E-02 513.8924  
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Fitted Data by QSDFT
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Fitted Data by NLDFT
 
(b) NLDFT Model 
Figure A.1 Comparison of experimental isotherm with fitted isotherm using 
QSDFT and NLDFT models (for type Maxsorb III activated carbon) 
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5.01512E-06 33.4959 4.07395E-03 269.2376 2.78796E-01 627.2865 
1.01078E-05 50.1426 5.04251E-03 279.0083 3.04534E-01 644.1993 
2.01776E-05 66.6166 6.09335E-03 287.8587 3.29692E-01 660.9699 
3.00987E-05 77.5602 7.09689E-03 295.0579 3.55713E-01 676.5097 
4.00889E-05 86.0368 8.13232E-03 301.6271 3.98980E-01 700.8737 
5.01283E-05 93.0090 9.07570E-03 307.0060 4.96298E-01 751.1933 
6.02789E-05 98.9985 9.59097E-03 308.2128 6.02990E-01 800.1203 
7.00729E-05 103.9744 1.69839E-02 338.5729 7.03599E-01 847.0226 
8.01960E-05 108.4195 2.71364E-02 366.2654 8.05190E-01 891.6466 
9.00522E-05 112.4609 3.92239E-02 391.4880 9.07046E-01 933.9624 
9.53474E-05 114.4203 5.19129E-02 412.8308 9.94880E-01 997.4662 
1.95160E-04 141.4684 6.42947E-02 430.9624 9.03417E-01 941.3985 
2.96062E-04 158.1917 7.61066E-02 446.6241 7.92432E-01 910.0451 
3.96805E-04 170.1113 8.74342E-02 460.4977 7.03968E-01 885.4060 
4.95706E-04 179.7248 9.84374E-02 473.0323 5.98332E-01 844.4812 
5.95505E-04 187.4000 1.08988E-01 484.6970 5.01328E-01 796.9323 
6.97274E-04 193.8128 1.28032E-01 504.1316 4.05190E-01 707.9436 
7.96779E-04 198.2466 1.51160E-01 525.9601 2.90629E-01 637.3677 
8.97955E-04 201.7083 1.75904E-01 548.1421 2.02848E-01 573.4143 
9.99188E-04 206.3451 2.01565E-01 569.5233 9.98898E-02 477.0060 
2.00171E-03 237.0737 2.27246E-01 589.7459 5.18915E-02 415.1797 
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5.04563E-06 28.7499  7.99229E-04 157.4797  7.97676E-02 350.7470  
1.00509E-05 41.9305  8.98351E-04 160.2242  9.06705E-02 360.6052  
2.02054E-05 55.3729  1.00069E-03 163.7595  1.01326E-01 369.5176  
3.00435E-05 64.0096  2.01119E-03 187.6889  1.11570E-01 378.0484  
4.00406E-05 70.7876  3.08405E-03 202.4987  2.98451E-01 495.8359  
5.00834E-05 76.3144  4.01134E-03 211.7595  5.03402E-01 583.6699  
6.02462E-05 81.0033  5.16113E-03 220.8281  7.02919E-01 663.0915  
7.01063E-05 84.8954  6.12207E-03 227.0248  9.04872E-01 780.7712  
8.00787E-05 88.4477  7.12628E-03 232.6444  9.98009E-01 832.1895  
9.01368E-05 91.6124  8.18009E-03 237.8183  8.89861E-01 800.1372  
9.52536E-05 93.1438  9.19877E-03 242.2627  7.04338E-01 703.5555  
1.96569E-04 113.7510  9.67585E-03 243.3928  4.90995E-01 606.7549  
2.96911E-04 126.3706  1.62345E-02 264.1301  2.90684E-01 491.6719  
3.95398E-04 135.4614  2.86103E-02 289.8477  9.24740E-02 361.7137  
4.97350E-04 142.7431  4.24680E-02 310.3536  2.72881E-02 286.8856  
5.95995E-04 148.7091  5.58159E-02 326.6000    
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1.34215E-07 22.7520  1.01074E-01 337.7598  8.50894E-01 536.6690  
3.05523E-07 32.7701  1.27050E-01 348.6859  8.74887E-01 542.3965  
5.55624E-07 38.8566  1.49436E-01 356.4303  9.00209E-01 548.0451  
7.22779E-07 41.6416  1.74125E-01 364.7683  9.24791E-01 553.8521  
9.68760E-07 45.1262  1.99435E-01 372.8894  9.49793E-01 559.5296  
2.08875E-06 56.1349  2.24749E-01 379.9873  9.74365E-01 565.7500  
4.11694E-06 66.9470  2.49963E-01 386.5402  9.95341E-01 592.7676  
6.22222E-06 73.5845  2.75086E-01 392.7690  9.46558E-01 563.4465  
8.33663E-06 79.3042  3.00146E-01 398.9254  8.98716E-01 549.8120  
1.00414E-05 83.7887  3.25143E-01 404.9556  8.48935E-01 537.2951  
3.02327E-05 113.7824  3.50152E-01 411.0113  7.98971E-01 524.6542  
5.01709E-05 128.6035  3.75260E-01 416.8493  7.48967E-01 512.0556  
7.27079E-05 139.3190  4.00300E-01 422.4782  6.98898E-01 499.5725  
9.09588E-05 145.6197  4.27447E-01 431.1549  6.47763E-01 491.4704  
2.02768E-04 167.0056  4.50496E-01 436.5570  5.98921E-01 478.9873  
4.09086E-04 183.9669  4.75225E-01 442.2908  5.48827E-01 466.1282  
6.06220E-04 192.7866  5.00191E-01 448.1282  4.99199E-01 452.9500  
8.17683E-04 199.0972  5.25253E-01 453.9725  4.49216E-01 438.0240  
1.01129E-03 203.5261  5.50248E-01 459.5915  3.98920E-01 425.0275  
3.01190E-03 225.9479  5.75150E-01 465.2951  3.47855E-01 413.8260  
5.04427E-03 237.0965  6.00207E-01 471.0127  2.98737E-01 400.6599  
7.05890E-03 244.9211  6.25183E-01 476.6465  2.48947E-01 386.6486  
9.21193E-03 251.4993  6.51490E-01 486.4887  1.99105E-01 371.8972  
9.81349E-03 252.6197  6.75110E-01 492.1951  1.49344E-01 355.7289  
2.05549E-02 273.9458  7.00274E-01 497.7127  1.00233E-01 336.8585  
2.44722E-02 279.7916  7.25055E-01 503.3380  4.71384E-02 303.6859  
2.97451E-02 286.4930  7.50535E-01 509.0176    
4.11094E-02 298.5085  7.75084E-01 514.5606    
4.94795E-02 306.0035  8.00326E-01 520.0768    
7.49379E-02 323.9922  8.25165E-01 525.5796    
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Appendix B  
Experimental Data of Type Maxsorb III 
AC/Gasoline Pair (by TGA Apparatus) 
 

















P= 2.5 kPa       
0 0.00000  180 0.58973  360 0.74154  540 0.84150  
5 0.10482  185 0.59550  365 0.74474  545 0.84388  
10 0.17654  190 0.60115  370 0.74798  550 0.84621  
15 0.22246  195 0.60664  375 0.75116  555 0.84855  
20 0.25068  200 0.61190  380 0.75434  560 0.85085  
25 0.27295  205 0.61714  385 0.75745  565 0.85314  
30 0.29260  210 0.62218  390 0.76050  570 0.85542  
35 0.31047  215 0.62721  395 0.76356  575 0.85768  
40 0.32703  220 0.63203  400 0.76661  580 0.85992  
45 0.34255  225 0.63687  405 0.76961  585 0.86214  
50 0.35713  230 0.64153  410 0.77257  590 0.86436  
55 0.37087  235 0.64621  415 0.77551  595 0.86656  
60 0.38403  240 0.65075  420 0.77843  600 0.86872  
65 0.39652  245 0.65519  425 0.78134  605 0.87090  
70 0.40865  250 0.65959  430 0.78423  610 0.87301  
75 0.41998  255 0.66394  435 0.78711  615 0.87509  
80 0.43117  260 0.66818  440 0.78997  620 0.87722  
85 0.44176  265 0.67234  445 0.79283  625 0.87928  
90 0.45215  270 0.67646  450 0.79559  630 0.88137  
95 0.46206  275 0.68054  455 0.79832  635 0.88337  
100 0.47161  280 0.68452  460 0.80104  640 0.88544  
105 0.48086  285 0.68848  465 0.80375  645 0.88741  
110 0.48983  290 0.69233  470 0.80643  650 0.88944  
115 0.49847  295 0.69613  475 0.80909  655 0.89135  
120 0.50680  300 0.69985  480 0.81169  660 0.89328  
125 0.51489  305 0.70352  485 0.81430  665 0.89521  
130 0.52278  310 0.70718  490 0.81683  670 0.89712  
135 0.53038  315 0.71080  495 0.81942  675 0.89899  
140 0.53773  320 0.71437  500 0.82193  680 0.90081  
145 0.54489  325 0.71787  505 0.82449  685 0.90266  
150 0.55187  330 0.72137  510 0.82698  690 0.90449  
155 0.55863  335 0.72483  515 0.82946  695 0.90633  
160 0.56515  340 0.72824  520 0.83191  700 0.90810  
165 0.57154  345 0.73156  525 0.83432  705 0.90988  
170 0.57780  350 0.73494  530 0.83671  710 0.91166  
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720 0.91511  950 0.97855  1180 1.01969  1410 1.04766  
725 0.91683  955 0.97965  1185 1.02048  1415 1.04826  
730 0.91853  960 0.98071  1190 1.02119  1420 1.04855  
735 0.92021  965 0.98189  1195 1.02189  1425 1.04924  
740 0.92185  970 0.98281  1200 1.02258  1430 1.04975  
745 0.92351  975 0.98395  1205 1.02332  1435 1.05013  
750 0.92513  980 0.98507  1210 1.02401  1440 1.05086  
755 0.92675  985 0.98615  1215 1.02455  1445 1.05115  
760 0.92832  990 0.98716  1220 1.02534  1450 1.05166  
765 0.92988  995 0.98826  1225 1.02612  1455 1.05222  
770 0.93144  1000 0.98922  1230 1.02669  1460 1.05243  
775 0.93303  1005 0.99017  1235 1.02743  1465 1.05305  
780 0.93453  1010 0.99110  1240 1.02795  1470 1.05345  
785 0.93604  1015 0.99212  1245 1.02870  1475 1.05409  
790 0.93754  1020 0.99318  1250 1.02938  1480 1.05453  
795 0.93903  1025 0.99411  1255 1.02992  1485 1.05498  
800 0.94048  1030 0.99498  1260 1.03034  1490 1.05542  
805 0.94193  1035 0.99586  1265 1.03127  1495 1.05571  
810 0.94328  1040 0.99689  1270 1.03198  1500 1.05621  
815 0.94480  1045 0.99778  1275 1.03256  1505 1.05666  
820 0.94627  1050 0.99864  1280 1.03307  1510 1.05706  
825 0.94770  1055 0.99955  1285 1.03382  1515 1.05731  
830 0.94907  1060 1.00040  1290 1.03440  1520 1.05789  
835 0.95044  1065 1.00131  1295 1.03482  1525 1.05830  
840 0.95179  1070 1.00218  1300 1.03536  1530 1.05863  
845 0.95316  1075 1.00301  1305 1.03619  1535 1.05913  
850 0.95447  1080 1.00390  1310 1.03675  1540 1.05940  
855 0.95579  1085 1.00473  1315 1.03729  1545 1.05982  
860 0.95706  1090 1.00561  1320 1.03783  1550 1.06036  
865 0.95834  1095 1.00641  1325 1.03841  1555 1.06088  
870 0.95961  1100 1.00727  1330 1.03882  1560 1.06104  
875 0.96090  1105 1.00818  1335 1.03969  1565 1.06164  
880 0.96212  1110 1.00897  1340 1.04019  1570 1.06214  
885 0.96337  1115 1.00973  1345 1.04069  1575 1.06276  
890 0.96455  1120 1.01044  1350 1.04137  1580 1.06280  
895 0.96577  1125 1.01115  1355 1.04183  1585 1.06355  
900 0.96700  1130 1.01218  1360 1.04235  1590 1.06388  
905 0.96816  1135 1.01307  1365 1.04305  1595 1.06434  
910 0.96938  1140 1.01384  1370 1.04336  1600 1.06469  
915 0.97052  1145 1.01459  1375 1.04399  1605 1.06523  
920 0.97173  1150 1.01538  1380 1.04440  1610 1.06559  
925 0.97283  1155 1.01614  1385 1.04511  1615 1.06586  
930 0.97401  1160 1.01693  1390 1.04536  1620 1.06633  
935 0.97515  1165 1.01760  1395 1.04619  1625 1.06677  
940 0.97631  1170 1.01822  1400 1.04654  1630 1.06710  
945 0.97737  1175 1.01890  1405 1.04722  1635 1.06753  
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1640 1.06787  1870 1.08316  2100 1.09504  2335 1.11335  
1645 1.06828  1875 1.08353  2115 1.09512  2340 1.11404  
1650 1.06864  1880 1.08384  2120 1.09513  2345 1.11472  
1655 1.06903  1885 1.08409  2125 1.09514  2350 1.11539  
1660 1.06934  1890 1.08436  2130 1.09515  2355 1.11605  
1665 1.06971  1895 1.08471  2135 1.09515  2360 1.11670  
1670 1.07011  1900 1.08496  2140 1.09515  2365 1.11734  
1675 1.07050  1905 1.08523  2145 1.09515  2370 1.11797  
1680 1.07083  1910 1.08552  2150 1.09515  2375 1.11859  
1685 1.07121  1915 1.08573  2155 1.09515 2380 1.11920  
1690 1.07158  1920 1.08600  2160 1.09515 2385 1.11980  
1695 1.07198  1925 1.08617  2165 1.09515 2390 1.12040  
1700 1.07235  1930 1.08654  2170 1.09515  2395 1.12098  
1705 1.07270  1935 1.08691  2175 1.09515  2400 1.12156  
1710 1.07310  1940 1.08720  2180 1.09515  2405 1.12213  
1715 1.07345  1945 1.08747  2185 1.09515  2410 1.12269  
1720 1.07384  1950 1.08776  2190 1.09515  2415 1.12324  
1725 1.07413  1955 1.08803  2195 1.09515  2420 1.12379  
1730 1.07442  1960 1.08830  2200 1.09515  2425 1.12432  
1735 1.07469  1965 1.08849  P= 4.0 kPa 2430 1.12485  
1740 1.07503  1970 1.08878  2205 1.09113 2435 1.12537  
1745 1.07546  1975 1.08907  2210 1.09329 2440 1.12588  
1750 1.07575  1980 1.08930  2215 1.09489  2445 1.12639  
1755 1.07614  1985 1.08953  2220 1.09516  2450 1.12688  
1760 1.07642  1990 1.08988  2225 1.09525  2455 1.12737  
1765 1.07681  1995 1.09011  2230 1.09621  2460 1.12785  
1770 1.07718  2000 1.09034  2235 1.09715  2465 1.12833  
1775 1.07747  2005 1.09061  2240 1.09808  2470 1.12880  
1780 1.07780  2010 1.09079  2245 1.09899  2475 1.12926  
1785 1.07816  2015 1.09106  2250 1.09990  2480 1.12971  
1790 1.07849  2020 1.09135  2255 1.10079  2485 1.13016  
1795 1.07892  2025 1.09168  2260 1.10166  2490 1.13060  
1800 1.07919  2030 1.09185  2265 1.10252  2495 1.13104  
1805 1.07946  2035 1.09214  2270 1.10337  2500 1.13147  
1810 1.07963  2040 1.09241  2275 1.10421  2505 1.13189  
1815 1.07992  2045 1.09268  2280 1.10504  2510 1.13230  
1820 1.08029  2050 1.09299  2285 1.10585  2515 1.13271  
1825 1.08052  2055 1.09322  2290 1.10665  2520 1.13312  
1830 1.08079  2060 1.09345  2295 1.10744  2525 1.13352  
1835 1.08114  2065 1.09370  2300 1.10822  2530 1.13391  
1840 1.08146  2070 1.09386  2305 1.10898  2535 1.13429  
1845 1.08177  2075 1.09422  2310 1.10974  2540 1.13467  
1850 1.08204  2080 1.09442  2315 1.11048  2545 1.13505  
1855 1.08233  2085 1.09475  2320 1.11121  2550 1.13542  
1860 1.08253  2090 1.09486  2325 1.11193  2555 1.13578  
1865 1.08285  2095 1.09495  2330 1.11265  2560 1.13614  
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2565 1.13649  2780 1.14761  2995 1.15347  3210 1.15656  
2570 1.13684  2785 1.14780  3000 1.15357  3215 1.15661  
2575 1.13718  2790 1.14798  3005 1.15366  3220 1.15666  
2580 1.13752  2795 1.14815  3010 1.15376  3225 1.15671  
2585 1.13785  2800 1.14833  3015 1.15385  3230 1.15676  
2590 1.13818  2805 1.14850  3020 1.15394  3235 1.15681  
2595 1.13850  2810 1.14867  3025 1.15403  3240 1.15685  
   2600         1.13882 2815 1.14884  3030 1.15412  3245 1.15690  
2605 1.13913  2820 1.14900  3035 1.15421  3250 1.15695  
2610 1.13944  2825 1.14917  3040 1.15429  3255 1.15699  
2615 1.13975  2830 1.14933  3045 1.15438  3260 1.15704  
2620 1.14005  2835 1.14949  3050 1.15446  3265 1.15708  
2625 1.14034  2840 1.14964  3055 1.15454  3270 1.15712  
2630 1.14063  2845 1.14979  3060 1.15462  3275 1.15717  
2635 1.14092  2850 1.14995  3065 1.15470  3280 1.15721  
2640 1.14120  2855 1.15009  3070 1.15478  3285 1.15725  
2645 1.14148  2860 1.15024  3075 1.15486  3290 1.15729  
2650 1.14175  2865 1.15038  3080 1.15493  3295 1.15733  
2655 1.14202  2870 1.15053  3085 1.15501  3300 1.15737  
2660 1.14229  2875 1.15067  3090 1.15508  3305 1.15741  
2665 1.14255  2880 1.15080  3095 1.15515  3310 1.15745  
2670 1.14281  2885 1.15094  3100 1.15523  3315 1.15748  
2675 1.14306  2890 1.15107  3105 1.15530  3320 1.15752  
2680 1.14331  2895 1.15121  3110 1.15537  3325 1.15756  
2685 1.14356  2900 1.15134  3115 1.15544  3330 1.15759  
2690 1.14380  2905 1.15147  3120 1.15550  3335 1.15763  
2695 1.14404  2910 1.15159  3125 1.15557  3340 1.15767  
2700 1.14428  2915 1.15172  3130 1.15563  3345 1.15770  
2705 1.14451  2920 1.15184  3135 1.15570  3350 1.15773  
2710 1.14474  2925 1.15196  3140 1.15576  3355 1.15777  
2715 1.14497  2930 1.15208  3145 1.15583  3360 1.15780  
2720 1.14519  2935 1.15220  3150 1.15589  3365 1.15783  
2725 1.14541  2940 1.15231  3155 1.15595  3370 1.15787  
2730 1.14562  2945 1.15242  3160 1.15601  3375 1.15790  
2735 1.14584  2950 1.15254  3165 1.15607  3380 1.15793  
2740 1.14604  2955 1.15265  3170 1.15613  3385 1.15796  
2745 1.14625  2960 1.15276  3175 1.15618  3390 1.15799  
2750 1.14645  2965 1.15286  3180 1.15624  3395 1.15802  
2755 1.14665  2970 1.15297  3185 1.15629  3400 1.15805  
2760 1.14685  2975 1.15307  3190 1.15635  3405 1.15808  
2765 1.14705  2980 1.15317  3195 1.15640  3410 1.15810  
2770 1.14724  2985 1.15328  3200 1.15646  3415 1.15813  
2775 1.14743  2990 1.15337  3205 1.15651  3420 1.15816  
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3425 1.15819  3655 1.15909  3885 1.15954  4115 1.15977  
3430 1.15821  3660 1.15910  3890 1.15955  4120 1.15977  
3435 1.15824  3665 1.15911  3895 1.15955  4125 1.15977  
3440 1.15827  3670 1.15913  3900 1.15956  4130 1.15978  
3445 1.15829  3675 1.15914  3905 1.15957  4135 1.15978  
3450 1.15832  3680 1.15915  3910 1.15957  4140 1.15978  
3455 1.15834  3685 1.15916  3915 1.15958  4145 1.15978  
3460 1.15837  3690 1.15918  3920 1.15959  4150 1.15978  
3465 1.15839  3695 1.15919  3925 1.15959  4155 1.15978  
3470 1.15842  3700 1.15920  3930 1.15960  4160 1.15978 
3475 1.15844  3705 1.15921  3935 1.15960  4165 1.15978 
3480 1.15846  3710 1.15922  3940 1.15961  4170 1.15978 
3485 1.15848  3715 1.15924  3945 1.15962  4175 1.15978 
3490 1.15851  3720 1.15925  3950 1.15962  4180 1.15978 
3495 1.15853  3725 1.15926  3955 1.15963  4185 1.15978 
3500 1.15855  3730 1.15927  3960 1.15963  4190 1.15978 
3505 1.15857  3735 1.15928  3965 1.15964  4195 1.15978 
3510 1.15859  3740 1.15929  3970 1.15964  4200 1.15978 
3515 1.15861  3745 1.15930  3975 1.15965  P = 5.8 kPa 
3520 1.15863  3750 1.15931  3980 1.15965  4205 1.15909 
3525 1.15865  3755 1.15932  3985 1.15966  4210 1.15969  
3530 1.15867  3760 1.15933  3990 1.15966  4215 1.16093  
3535 1.15869  3765 1.15934  3995 1.15967  4220 1.16132  
3540 1.15871  3770 1.15935  4000 1.15967  4225 1.16170  
3545 1.15873  3775 1.15936  4005 1.15968  4230 1.16207  
3550 1.15875  3780 1.15937  4010 1.15968  4235 1.16244  
3555 1.15877  3785 1.15938  4015 1.15969  4240 1.16280  
3560 1.15879  3790 1.15939  4020 1.15969  4245 1.16316  
3565 1.15881  3795 1.15940  4025 1.15970  4250 1.16351  
3570 1.15882  3800 1.15941  4030 1.15970  4255 1.16386  
3575 1.15884  3805 1.15942  4035 1.15971  4260 1.16420  
3580 1.15886  3810 1.15942  4040 1.15971  4265 1.16454  
3585 1.15888  3815 1.15943  4045 1.15971  4270 1.16487  
3590 1.15889  3820 1.15944  4050 1.15972   4275         1.16520 
3595 1.15891  3825 1.15945  4055 1.15972  4280 1.16552  
3600 1.15892  3830 1.15946  4060 1.15973  4285 1.16584  
3605 1.15894  3835 1.15947  4065 1.15973  4290 1.16615  
3610 1.15896  3840 1.15947  4070 1.15973  4295 1.16646  
3615 1.15897  3845 1.15948  4075 1.15974  4300 1.16676  
3620 1.15899  3850 1.15949  4080 1.15974  4305 1.16706  
3625 1.15900  3855 1.15950  4085 1.15975  4310 1.16736  
3630 1.15902  3860 1.15950  4090 1.15975  4315 1.16765  
3635 1.15903  3865 1.15951  4095 1.15975  4320 1.16794  
3640 1.15905  3870 1.15952  4100 1.15976  4325 1.16822  
3645 1.15906  3875 1.15953  4105 1.15976  4330 1.16849  
3650 1.15907  3880 1.15953  4110 1.15976  4335 1.16877  
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4340 1.16904  4540 1.17710  4770 1.18201  4970 1.18425  
4345 1.16930  4545 1.17725  4775 1.18209  4975 1.18429  
4350 1.16957  4550 1.17739  4780 1.18216  4980 1.18433  
4355 1.16982  4555 1.17754  4785 1.18223  4985 1.18437  
4360 1.17008  4560 1.17768  4790 1.18230  4990 1.18441  
4365 1.17033  4565 1.17781  4795 1.18237  4995 1.18445  
4370 1.17057  4570 1.17795  4800 1.18244  5000 1.18449  
4375 1.17082  4575 1.17808  4805 1.18251  5005 1.18452  
4380 1.17106  4580 1.17821  4810 1.18257  5010 1.18456  
4385 1.17129  4585 1.17834  4815 1.18264  5015 1.18460  
4390 1.17152  4590 1.17847  4820 1.18270  5020 1.18463  
4395 1.17175  4595 1.17860  4825 1.18277  5025 1.18467  
4400 1.17198  4600 1.17872  4830 1.18283  5030 1.18470  
4405 1.17220  4605 1.17885  4835 1.18289  5035 1.18470  
4410 1.17242  4610 1.17897  4840 1.18295  5040 1.18474  
4415 1.17264  4615 1.17909  4845 1.18301  5045 1.18477  
4420 1.17285  4650 1.17987  4850 1.18307  5050 1.18480  
4425 1.17306  4655 1.17997  4855 1.18313  5055 1.18483  
4430 1.17326  4660 1.18008  4860 1.18319  5060 1.18487  
4435 1.17347  4665 1.18018  4865 1.18324  5065 1.18490  
4440 1.17367  4670 1.18028  4870 1.18330  5070 1.18493  
4445 1.17386  4675 1.18038  4875 1.18335  5075 1.18496  
4450 1.17406  4680 1.18048  4880 1.18341  5080 1.18499  
4455 1.17425  4685 1.18058  4885 1.18346  5085 1.18502  
4460 1.17444  4690 1.18067  4890 1.18351  5090 1.18505  
4465 1.17462  4695 1.18076  4895 1.18356  5095 1.18508  
4470 1.17481  4700 1.18086  4900 1.18361  5100 1.18511  
4475 1.17499  4705 1.18095  4905 1.18366  5105 1.18513  
4480 1.17517  4710 1.18104  4910 1.18371  5110 1.18516  
4485 1.17534  4715 1.18112  4915 1.18376  5115 1.18519  
4490 1.17551  4720 1.18121  4920 1.18381  5120 1.18522  
4495 1.17568  4725 1.18130  4925 1.18386  5125 1.18524  
4500 1.17585  4730 1.18138  4930 1.18390  5130 1.18527  
4505 1.17601  4735 1.18146  4935 1.18395  5135 1.18529  
4510 1.17618  4740 1.18155  4940 1.18400  5140 1.18532  
4515 1.17634  4745 1.18163  4945 1.18404  5145 1.18534  
4520 1.17650  4750 1.18171  4950 1.18408  5150 1.18537  
4525 1.17665  4755 1.18178  4955 1.18413  5155 1.18539  
4530 1.17680     4760 1.18186  4960 1.18417  5160 1.18542  
4535 1.17695  4765 1.18194  4965 1.18421  5165 1.18544  
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5170 1.18546  5400 1.18624  5630 1.18662  5855 1.19525  
5175 1.18549  5405 1.18625  5635 1.18662  5860 1.19546  
5180 1.18551  5410 1.18626  5640 1.18662  5865 1.19568  
5185 1.18553  5415 1.18627  5645 1.18663  5870 1.19589  
5190 1.18555  5420 1.18628  5650 1.18663 5875 1.19610  
5195 1.18557  5425 1.18629  5655 1.18663  5880 1.19631  
5200 1.18559  5430 1.18630  5660 1.18663 5885 1.19651  
5205 1.18562  5435 1.18631  5665 1.18663 5890 1.19671  
5210 1.18564  5440 1.18632  5670 1.18663 5895 1.19690  
5215 1.18566  5445 1.18633  5675 1.18663 5900 1.19710  
5220 1.18568  5450 1.18634  5680 1.18663 5905 1.19729  
5225 1.18570  5455 1.18635  5685 1.18663 5910 1.19748  
5230 1.18571  5460 1.18636  5690 1.18663 5915 1.19766  
5235 1.18575  5465 1.18637  5695 1.18663 5920 1.19784  
5240 1.18577  5470 1.18638  5700 1.18663 5925 1.19802  
5245 1.18579  5475 1.18639  P= 7.6 kPa 5930 1.19820 
5250 1.18581  5480 1.18640  5705 1.18582  5935 1.19838  
5255 1.18582  5485 1.18641  5710 1.18627  5940 1.19855  
5260 1.18584  5490 1.18642  5715 1.18761  5945 1.19872  
5265 1.18586  5495 1.18643  5720 1.18794  5950 1.19888  
5270 1.18588  5500 1.18643  5725 1.18827  5955 1.19905  
5275 1.18589  5505 1.18644  5730 1.18859  5960 1.19921  
5280 1.18591  5510 1.18645  5735 1.18890  5965 1.19937  
5285 1.18593  5515 1.18646  5740 1.18922  5970 1.19953  
5290 1.18594  5520 1.18647  5745 1.18952  5975 1.19968  
5295 1.18596  5525 1.18647  5750 1.18983  5980 1.19983  
5300 1.18597  5530 1.18648  5755 1.19012  5985 1.19998  
5305 1.18599  5535 1.18649  5760 1.19042  5990 1.20013  
5310 1.18600  5540 1.18650  5765 1.19071  5995 1.20028  
5315 1.18602  5545 1.18650  5770 1.19099  6000 1.20042  
5320 1.18603  5550 1.18651  5775 1.19127  6005 1.20056  
5325 1.18605  5555 1.18652  5780 1.19155  6010 1.20070  
5330 1.18606  5560 1.18653  5785 1.19182  6015 1.20084  
5335 1.18607  5565 1.18653  5790 1.19209  6020 1.20098  
5340 1.18609  5570 1.18654  5795 1.19236  6025 1.20111  
5345 1.18610  5575 1.18655  5800 1.19262  6030 1.20124  
5350 1.18611  5580 1.18655  5805 1.19288  6035 1.20137  
5355 1.18613  5585 1.18656  5810 1.19313  6040 1.20150  
5360 1.18614  5590 1.18657  5815 1.19338  6045 1.20162  
5365 1.18615  5595 1.18657  5820 1.19362  6050 1.20175  
5370 1.18617  5600 1.18658  5825 1.19387  6055 1.20187  
5375 1.18618  5605 1.18659  5830 1.19411  6060 1.20199  
5380 1.18619  5610 1.18659  5835 1.19434  6065 1.20211  
5385 1.18620  5615 1.18660  5840 1.19457  6070 1.20223  
5390 1.18621  5620 1.18660  5845 1.19480  6075 1.20234  
5395 1.18623  5625 1.18661  5850 1.19502  6080 1.20245  
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6085 1.20257  6315 1.20625  6545 1.20811  6570 1.20822 
6090 1.20268  6320 1.20631  6550 1.20814  6575 1.20822 
6095 1.20278  6325 1.20636  6555 1.20817  6580 1.20822 
6100 1.20289  6330 1.20642  6560 1.20819  6585 1.20822 
6105 1.20300  6335 1.20647  6565 1.20822  6590 1.20822 
6110 1.20310  6340 1.20652  6570 1.20825  6595 1.20823 
6115 1.20320  6345 1.20657  6575 1.20827  6600 1.20823 
6120 1.20330  6350 1.20662  6580 1.20830  6605 1.20823 
6125 1.20340  6355 1.20667  6585 1.20832  6610 1.20823 
6130 1.20350  6360 1.20672  6590 1.20835  6615 1.20824 
6135 1.20359  6365 1.20677  6595 1.20837  6620 1.20824 
6140 1.20369  6370 1.20682  6600 1.20840  6625 1.20824 
6145 1.20378  6375 1.20687  6605 1.20842  6630 1.20824 
6150 1.20387  6380 1.20691  6610 1.20844  6635 1.20824 
6155 1.20397  6385 1.20696  6615 1.20847  6640 1.20824 
6160 1.20405  6390 1.20700  6620 1.20849  6645 1.20824 
6165 1.20414  6395 1.20705  6625 1.20851  6650 1.20824 
6170 1.20423  6400 1.20709 6630 1.20853  6655 1.20824 
6175 1.20431  6405 1.20714  6635 1.20856  6660 1.20824 
6180 1.20440  6410 1.20718  6640 1.20858  6665 1.20824 
6185 1.20448  6415 1.20722  6645 1.20860  6670 1.20824 
6190 1.20456  6420 1.20726  6650 1.20862  6675 1.20824 
6195 1.20464  6425 1.20730  6655 1.20864  6680 1.20824 
6200 1.20472  6430 1.20734  6660 1.20866  6685 1.20824 
6205 1.20480  6435 1.20738  6460 1.20757  6690 1.20824 
6210 1.20488  6440 1.20742  6465 1.20760  6695 1.20824 
6215 1.20495  6445 1.20746  6470 1.20764  6700 1.20824 
6220 1.20503  6450 1.20749  6475 1.20767    
6225 1.20510  6455 1.20753  6480 1.20771    
6230 1.20517  6460 1.20757  6485 1.20774    
6235 1.20525  6465 1.20760  6490 1.20778    
6240 1.20532  6470 1.20764  6495 1.20781    
6245 1.20539  6475 1.20767  6500 1.20784    
6250 1.20545  6480 1.20771  6505 1.20787    
6255 1.20552  6485 1.20774  6510 1.20790    
6260 1.20559  6490 1.20778  6515 1.20794    
6265 1.20565  6495 1.20781  6520 1.20797    
6270 1.20572  6500 1.20784  6525 1.20800    
6275 1.20578  6505 1.20787  6530 1.20803    
6280 1.20584  6510 1.20790  6535 1.20806    
6285 1.20590  6515 1.20794  6540 1.20808    
6290 1.20596  6520 1.20797  6545 1.20811    
6295 1.20602  6525 1.20800  6550 1.20814    
6300 1.20608  6530 1.20803  6555 1.20817    
6305 1.20614  6535 1.20806  6560 1.20819    
6310 1.20620  6540 1.20808  6565 1.20821   
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P=2.5 kPa 200 0.47231 405 0.70050 610 0.80694 
0 0.00000 205 0.48019 410 0.70418 615 0.80866 
5 0.01659 210 0.48793 415 0.70779 620 0.81034 
10 0.03286 215 0.49552 420 0.71133 625 0.81199 
15 0.04884 220 0.50298 425 0.71481 630 0.81362 
20 0.06453 225 0.51029 430 0.71822 635 0.81521 
25 0.07993 230 0.51747 435 0.72157 640 0.81677 
30 0.09504 235 0.52452 440 0.72486 645 0.81830 
35 0.10987 240 0.53144 445 0.72809 650 0.81981 
40 0.12443 245 0.53824 450 0.73125 655 0.82129 
45 0.13872 250 0.54490 455 0.73436 660 0.82274 
50 0.15275 255 0.55145 460 0.73742 665 0.82416 
55 0.16652 260 0.55787 465 0.74041 670 0.82556 
60 0.18004 265 0.56417 470 0.74335 675 0.82693 
65 0.19331 270 0.57036 475 0.74624 680 0.82828 
70 0.20633 275 0.57644 480 0.74907 685 0.82960 
75 0.21911 280 0.58240 485 0.75185 690 0.83090 
80 0.23166 285 0.58825 490 0.75458 695 0.83217 
85 0.24398 290 0.59400 495 0.75726 700 0.83342 
90 0.25607 295 0.59964 500 0.75989 705 0.83465 
95 0.26793 300 0.60517 505 0.76248 710 0.83585 
100 0.27958 305 0.61060 510 0.76501 715 0.83703 
105 0.29101 310 0.61594 515 0.76750 720 0.83819 
110 0.30224 315 0.62117 520 0.76994 725 0.83933 
115 0.31325 320 0.62631 525 0.77234 730 0.84045 
120 0.32407 325 0.63135 530 0.77469 735 0.84155 
125 0.33468 330 0.63630 535 0.77700 740 0.84263 
130 0.34510 335 0.64116 540 0.77927 745 0.84368 
135 0.35532 340 0.64593 545 0.78149 750 0.84472 
140 0.36536 345 0.65062 550 0.78367 755 0.84574 
145 0.37521 350 0.65521 555 0.78582 760 0.84674 
150 0.38488 355 0.65972 560 0.78792 765 0.84772 
155 0.39438 360 0.66415 565 0.78999 770 0.84868 
160 0.40369 365 0.66850 570 0.79201 775 0.84963 
165 0.41284 370 0.67276 575 0.79400 780 0.85056 
170 0.42182 375 0.67695 580 0.79596 785 0.85147 
175 0.43063 380 0.68106 585 0.79788 790 0.85236 
180 0.43928 385 0.68510 590 0.79976 795 0.85324 
185 0.44777 390 0.68906 595 0.80160 800 0.85410 
190 0.45610 395 0.69294 600 0.80342 805 0.85495 
195 0.46428 400 0.69676 605 0.80520 810 0.85578 
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815 0.85659 1020 0.87975 1225 0.89056 1430 0.89559 
820 0.85739 1025 0.88013 1230 0.89073 1435 0.89568 
825 0.85818 1030 0.88049 1235 0.89090 1440 0.89576 
830 0.85895 1035 0.88085 1240 0.89107 1445 0.89583 
835 0.85971 1040 0.88120 1245 0.89123 1450 0.89591 
840 0.86045 1045 0.88155 1250 0.89139 1455 0.89599 
845 0.86118 1050 0.88189 1255 0.89155 1460 0.89606 
850 0.86189 1055 0.88222 1260 0.89171 1465 0.89613 
855 0.86260 1060 0.88255 1265 0.89186 1470 0.89620 
860 0.86328 1065 0.88287 1270 0.89201 1475 0.89627 
865 0.86396 1070 0.88319 1275 0.89216 1480 0.89634 
870 0.86463 1075 0.88350 1280 0.89230 1485 0.89641 
875 0.86528 1080 0.88380 1285 0.89245 1490 0.89648 
880 0.86592 1085 0.88410 1290 0.89258 1495 0.89654 
885 0.86655 1090 0.88439 1295 0.89272 1500 0.89660 
890 0.86716 1095 0.88468 1300 0.89286 1505 0.89667 
895 0.86777 1100 0.88496 1305 0.89299 1510 0.89673 
900 0.86836 1105 0.88524 1310 0.89312 1515 0.89679 
905 0.86894 1110 0.88551 1315 0.89324 1520 0.89685 
910 0.86952 1115 0.88578 1320 0.89337 1525 0.89691 
915 0.87008 1120 0.88604 1325 0.89349 1530 0.89696 
920 0.87063 1125 0.88630 1330 0.89361 1535 0.89702 
925 0.87117 1130 0.88655 1335 0.89373 1540 0.89707 
930 0.87170 1135 0.88680 1340 0.89384 1545 0.89713 
935 0.87222 1140 0.88704 1345 0.89396 1550 0.89718 
940 0.87274 1145 0.88728 1350 0.89407 1555 0.89723 
945 0.87324 1150 0.88752 1355 0.89418 1560 0.89728 
950 0.87373 1155 0.88775 1360 0.89428 1565 0.89733 
955 0.87421 1160 0.88797 1365 0.89439 1570 0.89733 
960 0.87469 1165 0.88819 1370 0.89449 1575 0.89733 
965 0.87516 1170 0.88841 1375 0.89459 1580 0.89733 
970 0.87561 1175 0.88863 1380 0.89469 1585 0.89734 
975 0.87606 1180 0.88883 1385 0.89479 1590 0.89734 
980 0.87650 1185 0.88904 1390 0.89489 1595 0.89734 
985 0.87694 1190 0.88924 1395 0.89498 1600 0.89734 
990 0.87736 1195 0.88944 1400 0.89507 P= 4.1kPa 
995 0.87778 1200 0.88964 1405 0.89517 1605 0.88906 
1000 0.87819 1205 0.88983 1410 0.89525 1610 0.89603 
1005 0.87859 1210 0.89001 1415 0.89534 1615 0.90251 
1010 0.87899 1215 0.89020 1420 0.89543 1620 0.90412 
1015 0.87937 1220 0.89038 1425 0.89551 1625 0.90570 
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1630 0.90726 1835 0.95140 2040 0.97200 2245 0.98160 
1635 0.90878 1840 0.95212 2045 0.97233 2250 0.98176 
1640 0.91028 1845 0.95281 2050 0.97265 2255 0.98191 
1645 0.91175 1850 0.95350 2055 0.97297 2260 0.98206 
1650 0.91319 1855 0.95417 2060 0.97329 2265 0.98220 
1655 0.91460 1860 0.95483 2065 0.97360 2270 0.98235 
1660 0.91599 1865 0.95548 2070 0.97390 2275 0.98249 
1665 0.91736 1870 0.95612 2075 0.97419 2280 0.98263 
1670 0.91870 1875 0.95674 2080 0.97449 2285 0.98276 
1675 0.92001 1880 0.95735 2085 0.97477 2290 0.98290 
1680 0.92130 1885 0.95795 2090 0.97505 2295 0.98303 
1685 0.92257 1890 0.95855 2095 0.97533 2300 0.98316 
1690 0.92381 1895 0.95913 2100 0.97560 2305 0.98328 
1695 0.92503 1900 0.95969 2105 0.97586 2310 0.98341 
1700 0.92623 1905 0.96025 2110 0.97612 2315 0.98353 
1705 0.92740 1910 0.96080 2115 0.97638 2320 0.98365 
1710 0.92855 1915 0.96134 2120 0.97663 2325 0.98376 
1715 0.92969 1920 0.96187 2125 0.97688 2330 0.98388 
1720 0.93080 1925 0.96239 2130 0.97712 2335 0.98399 
1725 0.93189 1930 0.96289 2135 0.97736 2340 0.98410 
1730 0.93296 1935 0.96339 2140 0.97759 2345 0.98421 
1735 0.93401 1940 0.96388 2145 0.97782 2350 0.98432 
1740 0.93504 1945 0.96437 2150 0.97804 2355 0.98442 
1745 0.93606 1950 0.96484 2155 0.97826 2360 0.98453 
1750 0.93705 1955 0.96530 2160 0.97848 2365 0.98463 
1755 0.93803 1960 0.96576 2165 0.97869 2370 0.98473 
1760 0.93898 1965 0.96620 2170 0.97890 2375 0.98482 
1765 0.93992 1970 0.96664 2175 0.97910 2380 0.98492 
1770 0.94085 1975 0.96707 2180 0.97931 2385 0.98501 
1775 0.94175 1980 0.96749 2185 0.97950 2390 0.98510 
1780 0.94264 1985 0.96791 2190 0.97970 2395 0.98519 
1785 0.94351 1990 0.96832 2195 0.97989 2400 0.98528 
1790 0.94437 1995 0.96872 2200 0.98007 2405 0.98537 
1795 0.94521 2000 0.96911 2205 0.98026 2410 0.98545 
1800 0.94604 2005 0.96949 2210 0.98043 2415 0.98554 
1805 0.94685 2010 0.96987 2215 0.98061 2420 0.98562 
1810 0.94764 2015 0.97024 2220 0.98078 2425 0.98570 
1815 0.94842 2020 0.97061 2225 0.98095 2430 0.98578 
1820 0.94919 2025 0.97096 2230 0.98112 2435 0.98586 
1825 0.94994 2030 0.97131 2235 0.98128 2440 0.98593 
1830 0.95068 2035 0.97166 2240 0.98144 2445 0.98601 
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2450 0.98608 2655 0.98817 2860 0.98915 3060 1.02308 
2455 0.98616 2660 0.98821 2865 0.98915 3065 1.02385 
2460 0.98623 2665 0.98824 2870 0.98915 3070 1.02461 
2465 0.98630 2670 0.98827 2875 0.98916 3075 1.02536 
2470 0.98636 2675 0.98830 2880 0.98916 3080 1.02609 
2475 0.98643 2680 0.98834 2885 0.98916 3085 1.02680 
2480 0.98650 2685 0.98837 2890 0.98916 3090 1.02751 
2485 0.98656 2690 0.98840 2895 0.98916 3095 1.02820 
2490 0.98662 2695 0.98843 2900 0.98916 3100 1.02888 
2495 0.98669 2700 0.98845 P=5.6kPa 3105 1.02954 
2500 0.98675 2705 0.98848 2905 0.99002 3110 1.03020 
2505 0.98681 2710 0.98851 2910 0.99176 3115 1.03084 
2510 0.98687 2715 0.98854 2915 0.99311 3120 1.03147 
2515 0.98692 2720 0.98857 2920 0.99443 3125 1.03208 
2520 0.98698 2725 0.98859 2925 0.99574 3130 1.03269 
2525 0.98704 2730 0.98862 2930 0.99701 3135 1.03329 
2530 0.98709 2735 0.98864 2935 0.99826 3140 1.03387 
2535 0.98714 2740 0.98867 2940 0.99949 3145 1.03444 
2540 0.98720 2745 0.98869 2945 1.00070 3150 1.03501 
2545 0.98725 2750 0.98872 2950 1.00189 3155 1.03556 
2550 0.98730 2755 0.98874 2955 1.00305 3160 1.03610 
2555 0.98735 2760 0.98876 2960 1.00419 3165 1.03664 
2560 0.98740 2765 0.98879 2965 1.00531 3170 1.03716 
2565 0.98745 2770 0.98881 2970 1.00641 3175 1.03767 
2570 0.98749 2775 0.98883 2975 1.00749 3180 1.03817 
2575 0.98754 2780 0.98885 2980 1.00855 3185 1.03867 
2580 0.98758 2785 0.98887 2985 1.00959 3190 1.03915 
2585 0.98763 2790 0.98889 2990 1.01061 3195 1.03963 
2590 0.98767 2795 0.98891 2995 1.01161 3200 1.04010 
2595 0.98772 2800 0.98893 3000 1.01260 3205 1.04056 
2600 0.98776 2805 0.98895 3005 1.01356 3210 1.04101 
2605 0.98780 2810 0.98897 3010 1.01451 3215 1.04145 
2610 0.98784 2815 0.98899 3015 1.01544 3220 1.04188 
2615 0.98788 2820 0.98901 3020 1.01636 3225 1.04231 
2620 0.98792 2825 0.98903 3025 1.01725 3230 1.04273 
2625 0.98796 2830 0.98905 3030 1.01813 3235 1.04314 
2630 0.98799 2835 0.98906 3035 1.01900 3240 1.04354 
2635 0.98803 2840 0.98908 3040 1.01984 3245 1.04394 
2640 0.98807 2845 0.98910 3045 1.02068 3250 1.04432 
2645 0.98810 2850 0.98912 3050 1.02149 3255 1.04471 
2650 0.98814 2855 0.98913 3055 1.02229 3260 1.04508 
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3265 1.04545 3470 1.05588 3675 1.06075 3880 1.06302 
3270 1.04581 3475 1.05605 3680 1.06082 3885 1.06305 
3275 1.04616 3480 1.05621 3685 1.06090 3890 1.06309 
3280 1.04651 3485 1.05637 3690 1.06098 3895 1.06312 
3285 1.04685 3490 1.05653 3695 1.06105 3900 1.06316 
3290 1.04718 3495 1.05669 3700 1.06112 3905 1.06319 
3295 1.04751 3500 1.05684 3705 1.06119 3910 1.06323 
3300 1.04783 3505 1.05699 3710 1.06127 3915 1.06326 
3305 1.04815 3510 1.05714 3715 1.06133 3920 1.06329 
3310 1.04846 3515 1.05729 3720 1.06140 3925 1.06332 
3315 1.04877 3520 1.05743 3725 1.06147 3930 1.06335 
3320 1.04906 3525 1.05757 3730 1.06153 3935 1.06338 
3325 1.04936 3530 1.05770 3735 1.06160 3940 1.06341 
3330 1.04965 3535 1.05784 3740 1.06166 3945 1.06344 
3335 1.04993 3540 1.05797 3745 1.06172 3950 1.06347 
3340 1.05021 3545 1.05810 3750 1.06178 3955 1.06350 
3345 1.05048 3550 1.05823 3755 1.06184 3960 1.06353 
3350 1.05075 3555 1.05835 3760 1.06190 3965 1.06355 
3355 1.05101 3560 1.05847 3765 1.06196 3970 1.06358 
3360 1.05127 3565 1.05859 3770 1.06201 3975 1.06361 
3365 1.05152 3570 1.05871 3775 1.06207 3980 1.06363 
3370 1.05177 3575 1.05883 3780 1.06212 3985 1.06366 
3375 1.05201 3580 1.05894 3785 1.06217 3990 1.06368 
3380 1.05225 3585 1.05905 3790 1.06223 3995 1.06371 
3385 1.05249 3590 1.05916 3795 1.06228 4000 1.06373 
3390 1.05272 3595 1.05927 3800 1.06233 4005 1.06375 
3395 1.05294 3600 1.05938 3805 1.06238 4010 1.06378 
3400 1.05317 3605 1.05948 3810 1.06243 4015 1.06380 
3405 1.05338 3610 1.05958 3815 1.06247 4020 1.06382 
3410 1.05360 3615 1.05968 3820 1.06252 4025 1.06384 
3415 1.05381 3620 1.05978 3825 1.06257 4030 1.06386 
3420 1.05401 3625 1.05988 3830 1.06261 4035 1.06389 
3425 1.05422 3630 1.05997 3835 1.06265 4040 1.06391 
3430 1.05442 3635 1.06006 3840 1.06270 4045 1.06393 
3435 1.05461 3640 1.06015 3845 1.06274 4050 1.06395 
3440 1.05480 3645 1.06024 3850 1.06278 4055 1.06397 
3445 1.05499 3650 1.06033 3855 1.06282 4060 1.06398 
3450 1.05517 3655 1.06042 3860 1.06286 4065 1.06400 
3455 1.05536 3660 1.06050 3865 1.06290 4070 1.06402 
3460 1.05553 3665 1.06058 3870 1.06294 4075 1.06404 
3465 1.05571 3670 1.06067 3875 1.06298 4080 1.06406 
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4085 1.06407 4285 1.08374 4490 1.10842 4695 1.11993 
4090 1.06409 4290 1.08459 4495 1.10882 4700 1.12012 
4095 1.06411 4295 1.08543 4500 1.10921 4705 1.12030 
4100 1.06412 4300 1.08625 4505 1.10959 4710 1.12048 
4105 1.06414 4305 1.08706 4510 1.10997 4715 1.12066 
4110 1.06416 4310 1.08785 4515 1.11034 4720 1.12083 
4115 1.06417 4315 1.08862 4520 1.11070 4725 1.12100 
4120 1.06419 4320 1.08939 4525 1.11106 4730 1.12116 
4125 1.06420 4325 1.09014 4530 1.11141 4735 1.12133 
4130 1.06422 4330 1.09087 4535 1.11175 4740 1.12149 
4135 1.06423 4335 1.09159 4540 1.11208 4745 1.12164 
4140 1.06425 4340 1.09230 4545 1.11241 4750 1.12180 
4145 1.06426 4345 1.09299 4550 1.11274 4755 1.12195 
4150 1.06426 4350 1.09368 4555 1.11306 4760 1.12210 
4155 1.06426 4355 1.09435 4560 1.11337 4765 1.12224 
4160 1.06427 4360 1.09500 4565 1.11368 4770 1.12239 
4165 1.06427 4365 1.09565 4570 1.11398 4775 1.12253 
4170 1.06427 4370 1.09628 4575 1.11427 4780 1.12266 
4175 1.06427 4375 1.09690 4580 1.11456 4785 1.12280 
4180 1.06427 4380 1.09751 4585 1.11485 4790 1.12293 
4185 1.06427 4385 1.09811 4590 1.11513 4795 1.12306 
4190 1.06427 4390 1.09870 4595 1.11540 4800 1.12319 
P=7.6 kPa 4395 1.09927 4600 1.11567 4805 1.12331 
4195 1.06498 4400 1.09984 4605 1.11593 4810 1.12344 
4200 1.06653 4405 1.10040 4610 1.11619 4815 1.12356 
4205 1.06771 4410 1.10094 4615 1.11645 4820 1.12368 
4210 1.06885 4415 1.10148 4620 1.11670 4825 1.12379 
4215 1.06998 4420 1.10200 4625 1.11694 4830 1.12391 
4220 1.07109 4425 1.10252 4630 1.11718 4835 1.12402 
4225 1.07217 4430 1.10303 4635 1.11742 4840 1.12413 
4230 1.07324 4435 1.10352 4640 1.11765 4845 1.12424 
4235 1.07428 4440 1.10401 4645 1.11788 4850 1.12435 
4240 1.07531 4445 1.10449 4650 1.11810 4855 1.12445 
4245 1.07632 4450 1.10496 4655 1.11832 4860 1.12455 
4250 1.07731 4455 1.10542 4660 1.11854 4865 1.12465 
4255 1.07828 4460 1.10587 4665 1.11875 4870 1.12475 
4260 1.07923 4465 1.10632 4670 1.11895 4875 1.12485 
4265 1.08017 4470 1.10676 4675 1.11916 4880 1.12494 
4270 1.08109 4475 1.10718 4680 1.11936 4885 1.12504 
4275 1.08199 4480 1.10760 4685 1.11955 4890 1.12513 
4280 1.08287 4485 1.10802 4690 1.11975 4895 1.12522 
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4900 1.12531 5105 1.12781 5310 1.12898   
4905 1.12539 5110 1.12785 5315 1.12900   
4910 1.12548 5115 1.12789 5320 1.12902   
4915 1.12556 5120 1.12793 5325 1.12903   
4920 1.12564 5125 1.12797 5330 1.12905   
4925 1.12572 5130 1.12800 5335 1.12907   
4930 1.12580 5135 1.12804 5340 1.12909   
4935 1.12588 5140 1.12808 5345 1.12910   
4940 1.12595 5145 1.12811 5350 1.12912   
4945 1.12603 5150 1.12815 5355 1.12914   
4950 1.12610 5155 1.12818 5360 1.12915   
4955 1.12617 5160 1.12822 5365 1.12917   
4960 1.12624 5165 1.12825 5370 1.12918   
4965 1.12631 5170 1.12828 5375 1.12920   
4970 1.12638 5175 1.12831 5380 1.12921   
4975 1.12645 5180 1.12834 5385 1.12923   
4980 1.12651 5185 1.12837 5390 1.12924   
4985 1.12658 5190 1.12840 5395 1.12926   
4990 1.12664 5195 1.12843 5400 1.12927   
4995 1.12670 5200 1.12846 5405 1.12928   
5000 1.12676 5205 1.12849 5410 1.12930   
5005 1.12682 5210 1.12852 5415 1.12931   
5010 1.12688 5215 1.12855 5420 1.12932   
5015 1.12694 5220 1.12857 5425 1.12933   
5020 1.12700 5225 1.12860 5430 1.12934   
5025 1.12705 5230 1.12862 5435 1.12934   
5030 1.12711 5235 1.12865 5440 1.12934   
5035 1.12716 5240 1.12867 5445 1.12934   
5040 1.12721 5245 1.12870 5450 1.12935   
5045 1.12726 5250 1.12872 5455 1.12935   
5050 1.12731 5255 1.12875 5460 1.12935   
5055 1.12736 5260 1.12877 5465 1.12935   
5060 1.12741 5265 1.12879 5470 1.12935   
5065 1.12746 5270 1.12881 5475 1.12935   
5070 1.12751 5275 1.12884 5480 1.12935   
5075 1.12755 5280 1.12886 5485 1.12935   
5080 1.12760 5285 1.12888 5490 1.12935   
5085 1.12764 5290 1.12890 5495 1.12935   
5090 1.12768 5295 1.12892 5500 1.12935   
5095 1.12773 5300 1.12894     
5100 1.12777 5305 1.12896     
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P= 2.5 kPa 200 0.40872  405 0.58838  610 0.66841  
0 0.00000  205 0.41513  410 0.59120  615 0.66960  
5 0.00443  210 0.42138  415 0.59395  620 0.67074  
10 0.00971  215 0.42747  420 0.59665  625 0.67184  
15 0.01581  220 0.43345  425 0.59932  630 0.67294  
20 0.02266  225 0.43927  430 0.60196  635 0.67399  
25 0.03022  230 0.44498  435 0.60453  640 0.67495  
30 0.03846  235 0.45056  440 0.60708  645 0.67594  
35 0.04736  240 0.45603  445 0.60958  650 0.67686  
40 0.05687  245 0.46138  450 0.61206  655 0.67774  
45 0.06690  250 0.46663  455 0.61446  660 0.67858  
50 0.07747  255 0.47175  460 0.61685  665 0.67941  
55 0.08855  260 0.47678  465 0.61913  670 0.68023  
60 0.10011  265 0.48171  470 0.62139  675 0.68104  
65 0.11208  270 0.48655  475 0.62360  680 0.68182  
70 0.12448  275 0.49130  480 0.62578  685 0.68254  
75 0.13728  280 0.49596  485 0.62794  690 0.68325  
80 0.15047  285 0.50055  490 0.63001  695 0.68333  
85 0.16403  290 0.50504  495 0.63205  700 0.68439  
90 0.17792  295 0.50948  500 0.63407  705 0.68442  
95 0.19213  300 0.51383  505 0.63603  710 0.68443  
100 0.20667  305 0.51811  510 0.63792  715 0.68443  
105 0.22191  310 0.52234  515 0.63983  720 0.68443  
110 0.23707  315 0.52653  520 0.64166  725 0.68444  
115 0.25124  320 0.53061  525 0.64347  730 0.68444  
120 0.26454  325 0.53462  530 0.64524  735 0.68444 
125 0.27707  330 0.53856  535 0.64697  740 0.68444 
130 0.28895  335 0.54238  540 0.64869  745 0.68444 
135 0.30022  340 0.54617  545 0.65035  750 0.68445 
140 0.31096  345 0.54980  550 0.65192  755 0.68445 
145 0.32118  350 0.55340  555 0.65347  760 0.68445 
150 0.33093  355 0.55690  560 0.65495  765 0.68445 
155 0.34023  360 0.56032  565 0.65638  770 0.68445 
160 0.34910  365 0.56369  570 0.65783  775 0.68445 
165 0.35760  370 0.56701  575 0.65925  780 0.68445 
170 0.36575  375 0.57024  580 0.66066  785 0.68445 
175 0.37358  380 0.57342  585 0.66205  790 0.68445 
180 0.38111  385 0.57655  590 0.66339  795 0.68445 
185 0.38838  390 0.57958  595 0.66469  800 0.68445 
190 0.39537  395 0.58258  600 0.66600  P= 4.2 kPa 
195 0.40215  400 0.58552  605 0.66723  805 0.68769  
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810 0.71058  1010 0.78138  1210 0.81023  1410 0.82196  
815 0.71366  1015 0.78246  1215 0.81067  1415 0.82214  
820 0.71568  1020 0.78352  1220 0.81110  1420 0.82232  
825 0.71822  1025 0.78455  1225 0.81152  1425 0.82259  
830 0.72071  1030 0.78557  1230 0.81193  1430 0.82265  
835 0.72314  1035 0.78655  1235 0.81234  1435 0.82272  
840 0.72552  1040 0.78752  1240 0.81273  1440 0.82278  
845 0.72784  1045 0.78847  1245 0.81311  1445 0.82280  
850 0.73011  1050 0.78939  1250 0.81349  1450 0.82281  
855 0.73234  1055 0.79029  1255 0.81386  1455 0.82282 
860 0.73451  1060 0.79118  1260 0.81422  1460 0.82282 
865 0.73663  1065 0.79204  1265 0.81457  1465 0.82282 
870 0.73871  1070 0.79288  1270 0.81491  1470 0.82283 
875 0.74074  1075 0.79371  1275 0.81525  1475 0.82283 
880 0.74273  1080 0.79452  1280 0.81557  1480 0.82283 
885 0.74467  1085 0.79531  1285 0.81590  1485 0.82283 
890 0.74657  1090 0.79608  1290 0.81621  1490 0.82283 
895 0.74842  1095 0.79683  1295 0.81652  1495 0.82283 
900 0.75024  1100 0.79757  1300 0.81682  1500 0.82283 
905 0.75201  1105 0.79829  1305 0.81711  P= 7.7 kPa 
910 0.75375  1110 0.79900  1310 0.81740  1505 0.82403  
915 0.75545  1115 0.79969  1315 0.81768  1510 0.80976  
920 0.75710  1120 0.80036  1320 0.81795  1515 0.83436  
925 0.75873  1125 0.80102  1325 0.81822  1520 0.83909  
930 0.76031  1130 0.80167  1330 0.81848  1525 0.84355  
935 0.76186  1135 0.80230  1335 0.81874  1530 0.84788  
940 0.76338  1140 0.80291  1340 0.81899  1535 0.85208  
945 0.76486  1145 0.80352  1345 0.81923  1540 0.85616  
950 0.76631  1150 0.80411  1350 0.81947  1545 0.86011  
955 0.76773  1155 0.80468  1355 0.81971  1550 0.86395  
960 0.76911  1160 0.80525  1360 0.81994  1555 0.86768  
965 0.77047  1165 0.80580  1365 0.82016  1560 0.87129  
970 0.77179  1170 0.80633  1370 0.82038  1565 0.87480  
975 0.77309  1175 0.80686  1375 0.82059  1570 0.87820  
980 0.77435  1180 0.80738  1380 0.82080  1575 0.88151  
985 0.77559  1185 0.80788  1385 0.82101  1580 0.88471  
990 0.77680  1190 0.80837  1390 0.82121  1585 0.88783  
995 0.77799  1195 0.80885  1395 0.82140  1590 0.89085  
1000 0.77914  1200 0.80932  1400 0.82159  1595 0.89378  
1005 0.78027  1205 0.80978  1405 0.82178  1600 0.89662  
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1605 0.89938  1810 0.96351  2015 0.98226  2220 0.98774  
1610 0.90206  1815 0.96430  2020 0.98249  2225 0.98780  
1615 0.90466  1820 0.96505  2025 0.98271  2230 0.98787  
1620 0.90718  1825 0.96579  2030 0.98292  2235 0.98793  
1625 0.90963  1830 0.96651  2035 0.98313  2240 0.98799  
1630 0.91200  1835 0.96720  2040 0.98334  2245 0.98805  
1635 0.91431  1840 0.96788  2045 0.98353  2250 0.98811  
1640 0.91654  1845 0.96853  2050 0.98372  2255 0.98817  
1645 0.91872  1850 0.96916  2055 0.98391  2260 0.98822  
1650 0.92082  1855 0.96978  2060 0.98409  2265 0.98827  
1655 0.92287  1860 0.97038  2065 0.98426  2270 0.98832  
1660 0.92485  1865 0.97096  2070 0.98443  2275 0.98837  
1665 0.92678  1870 0.97152  2075 0.98460  2280 0.98842  
1670 0.92865  1875 0.97207  2080 0.98476  2285 0.98847  
1675 0.93046  1880 0.97260  2085 0.98491  2290 0.98851  
1680 0.93222  1885 0.97311  2090 0.98506  2295 0.98856  
1685 0.93393  1890 0.97361  2095 0.98521  2300 0.98860  
1690 0.93558  1895 0.97409  2100 0.98535  2305 0.98864  
1695 0.93719  1900 0.97456  2105 0.98549  2310 0.98868  
1700 0.93875  1905 0.97502  2110 0.98562  2315 0.98872 
1705 0.94027  1910 0.97546  2115 0.98575  2320 0.98876  
1710 0.94174  1915 0.97589  2120 0.98588  2325 0.98879  
1715 0.94316  1920 0.97631  2125 0.98600  2330 0.98883  
1720 0.94455  1925 0.97671  2130 0.98612  2335 0.98886  
1725 0.94589  1930 0.97711  2135 0.98623  2340 0.98890  
1730 0.94719  1935 0.97749  2140 0.98634  2345 0.98891  
1735 0.94846  1940 0.97786  2145 0.98645  2350 0.98892  
1740 0.94969  1945 0.97822  2150 0.98656  2355 0.98892  
1745 0.95088  1950 0.97857  2155 0.98666  2360 0.98892 
1750 0.95203  1955 0.97890  2160 0.98676  2365 0.98893 
1755 0.95316  1960 0.97923  2165 0.98685  2370 0.98893 
1760 0.95425  1965 0.97955  2170 0.98695  2375 0.98893 
1765 0.95530  1970 0.97986  2175 0.98704  2380 0.98893 
1770 0.95633  1975 0.98016  2180 0.98712  2385 0.98893 
1775 0.95732  1980 0.98045  2185 0.98721  2390 0.98893 
1780 0.95829  1985 0.98073  2190 0.98729  2395 0.98893 
1785 0.95923  1990 0.98100  2195 0.98737  2400 0.98893 
1790 0.96014  1995 0.98127  2200 0.98745  2405 0.98893 
1795 0.96102  2000 0.98153  2205 0.98752  2410 0.98893 
1800 0.96187  2005 0.98178  2210 0.98760  2415 0.98893 
1805 0.96271  2010 0.98202  2215 0.98767  2420 0.98893 
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P= 2.5 kPa 200 0.46528  405 0.51377  605 0.61276  
0 0.00000  205 0.46787  410 0.51405  610 0.61528  
5 0.07304  210 0.47034  415 0.51481  615 0.61769  
10 0.12222  215 0.47270  420 0.51521  620 0.61999  
15 0.16083  220 0.47495  425 0.51559  625 0.62219  
20 0.18754  225 0.47713  430 0.51580  630 0.62429  
25 0.20941  230 0.47920  435 0.51629  635 0.62630  
30 0.22702  235 0.48118  440 0.51693  640 0.62823  
35 0.24294  240 0.48309  445 0.51740  645 0.63006  
40 0.25721  245 0.48493  450 0.51777  650 0.63182  
45 0.27081  250 0.48672  455 0.51844  655 0.63350  
50 0.28343  255 0.48838  460 0.51853  660 0.63511  
55 0.29527  260 0.48995  465 0.51955  665 0.63664  
60 0.30651  265 0.49146  470 0.52056  670 0.63811  
65 0.31720  270 0.49290  475 0.52056 675 0.63951  
70 0.32727  275 0.49428  480 0.52056 680 0.64086  
75 0.33677  280 0.49560  485 0.52056 685 0.64214  
80 0.34580  285 0.49686  490 0.52056 690 0.64336  
85 0.35437  290 0.49805  495 0.52056 695 0.64454  
90 0.36245  295 0.49919  500 0.52056 700 0.64566  
95 0.37006  300 0.50023  P= 4.0 kPa 705 0.64192  
100 0.37729  305 0.50125  505 0.52804  710 0.64775  
105 0.38417  310 0.50219  510 0.53540  715 0.64873  
110 0.39065  315 0.50310  515 0.54133  720 0.64967  
115 0.39675  320 0.50396  520 0.54699  725 0.65056  
120 0.40258  325 0.50478  525 0.55240  730 0.65142  
125 0.40813  330 0.50556  530 0.55758  735 0.65223  
130 0.41338  335 0.50628  535 0.56252  740 0.65302  
135 0.41833  340 0.50696  540 0.56725  745 0.65376  
140 0.42306  345 0.50762  545 0.57177  750 0.65448  
145 0.42758  350 0.50825  550 0.57610  755 0.65516  
150 0.43187  355 0.50884  555 0.58023  760 0.65581  
155 0.43588  360 0.50939  560 0.58418  765 0.65644  
160 0.43982  365 0.50990  565 0.58796  770 0.65703  
165 0.44351  370 0.51043  570 0.59157  775 0.65761  
170 0.44711  375 0.51090  575 0.59502  780 0.65815  
175 0.45046  380 0.51141  580 0.59832  785 0.65867  
180 0.45372  385 0.51185  585 0.60147  790 0.65917  
185 0.45680  390 0.51233  590 0.60449  795 0.65965  
190 0.45975  395 0.51284  595 0.60737  800 0.66010  
195 0.46257  400 0.51331  600 0.61012  805 0.66054  
 
 
Appendix B Experimental Data of Type Maxsorb III AC/Gasoline Pair (by TGA Apparatus) 
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 
    - 182 - 

















810 0.66095  1010 0.68095  1215 0.80645  1420 0.82628  
815 0.66135  1015 0.68751  1220 0.80748  1425 0.82644  
820 0.66173  1020 0.69378  1225 0.80847  1430 0.82660  
825 0.66210  1025 0.69977  1230 0.80942  1435 0.82675  
830 0.66244  1030 0.70550  1235 0.81033  1440 0.82689  
835 0.66278  1035 0.71098  1240 0.81119  1445 0.82703  
840 0.66309  1040 0.71622  1245 0.81202  1450 0.82716  
845 0.66340  1045 0.72122  1250 0.81281  1455 0.82728  
850 0.66369  1050 0.72601  1255 0.81357  1460 0.82730  
855 0.66397  1055 0.73059  1260 0.81429  1465 0.82732  
860 0.66423  1060 0.73496  1265 0.81498  1470 0.82732 
865 0.66449  1065 0.73914  1270 0.81564  1475 0.82732 
870 0.66473  1070 0.74314  1275 0.81627  1480 0.82733 
875 0.66496  1075 0.74696  1280 0.81688  1485 0.82733 
880 0.66518  1080 0.75062  1285 0.81746  1490 0.82733 
885 0.66539  1085 0.75411  1290 0.81801  1495 0.82733 
890 0.66560  1090 0.75745  1295 0.81853  1500 0.82733 
895 0.66579  1095 0.76064  1300 0.81904  1505 0.82733 
900 0.66598  1100 0.76369  1305 0.81952  1510 0.82734 
905 0.66615  1105 0.76661  1310 0.81998  1515 0.82734 
910 0.66632  1110 0.76940  1315 0.82042  1520 0.82734 
915 0.66648  1115 0.77207  1320 0.82084  1525 0.82734 
920 0.66664  1120 0.77462  1325 0.82125  1530 0.82734 
925 0.66679  1125 0.77705  1330 0.82163  1535 0.82734 
930 0.66693  1130 0.77938  1335 0.82200  1540 0.82734 
935 0.66706  1135 0.78161  1340 0.82235  1545 0.82734 
940 0.66719  1140 0.78374  1345 0.82269  1550 0.82734 
945 0.66732  1145 0.78577  1350 0.82301  1555 0.82734 
950 0.66743  1150 0.78772  1355 0.82332  1560 0.82734 
955 0.66755  1155 0.78958  1360 0.82361  1565 0.82734 
960 0.66756  1160 0.79136  1365 0.82389  1570 0.82734 
965 0.66756  1165 0.79306  1370 0.82416  1575 0.82734 
970 0.66757  1170 0.79469  1375 0.82442  1580 0.82734 
975 0.66757 1175 0.79624  1380 0.82466  1585 0.82734 
980 0.66757 1180 0.79772  1385 0.82490  1590 0.82734 
985 0.66757 1185 0.79914  1390 0.82512  1595 0.82734 
990 0.66757 1190 0.80050  1395 0.82534  1600 0.82734 
995 0.66757 1195 0.80180  1400 0.82554    
1000 0.66757 1200 0.80304  1405 0.82574    
P= 7.5  kPa 1205 0.80423 
0 80417  
1410 0.82592    
1005 0.67409  1210 0.80536  1415 0.82611    
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P= 2.5  kPa 200 0.40096  400 0.44817  605 0.50023  
0 0.00000  205 0.40252  405 0.45089  610 0.50066  
5 0.08129  210 0.40401  410 0.45349  615 0.50107  
10 0.12540  215 0.40536  415 0.45598  620 0.50146  
15 0.15185  220 0.40663  420 0.45836  625 0.50184  
20 0.17214  225 0.40776  425 0.46063  630 0.50220  
25 0.18898  230 0.40881  430 0.46280  635 0.50254  
30 0.20498  235 0.40976  435 0.46488  640 0.50287  
35 0.21971  240 0.41061  440 0.46686  645 0.50318  
40 0.23327  245 0.41137  445 0.46876  650 0.50348  
45 0.24572  250 0.41206  450 0.47058  655 0.50377  
50 0.25701  255 0.41272  455 0.47231  660 0.50404  
55 0.26779  260 0.41313  460 0.47397  665 0.50431  
60 0.27749  265 0.41347  465 0.47556  670 0.50456  
65 0.28662  270 0.41375  470 0.47707  675 0.50480  
70 0.29491  275 0.41398  475 0.47852  680 0.50503  
75 0.30283  280 0.41423  480 0.47990  685 0.50524  
80 0.31009  285 0.41439  485 0.48123  690 0.50545  
85 0.31707  290 0.41449  490 0.48250  695 0.50565  
90 0.32351  295 0.41462  495 0.48371  700 0.50584  
95 0.32951  300 0.41462  500 0.48486  705 0.50601  
100 0.33515  305 0.41463  505 0.48597  710 0.50602  
105 0.34058  310 0.41463 510 0.48703  715 0.50602 
110 0.34568  315 0.41463 515 0.48804  720 0.50603 
115 0.35047  320 0.41463 520 0.48900  725 0.50603 
120 0.35503  325 0.41463 525 0.48993  730 0.50603 
125 0.35938  330 0.41463 530 0.49081  735 0.50603 
130 0.36339  335 0.41463 535 0.49165  740 0.50603 
135 0.36718  340 0.41463 540 0.49246  745 0.50603 
140 0.37083  345 0.41463 545 0.49323  750 0.50603 
0 50735 
145 0.37430  350 0.41463 550 0.49397  P= 7.4  kPa 
150 0.37754  P= 4.0  kPa 555 0.49468  755 0.51362  
155 0.38057  355 0.41697  560 0.49535  760 0.52235  
160 0.38348  360 0.42138  565 0.49600  765 0.53017  
165 0.38628  365 0.42528  570 0.49661  770 0.53764  
170 0.38883  370 0.42901  575 0.49720  775 0.54479  
175 0.39117  375 0.43257  580 0.49776  780 0.55161  
180 0.39339  380 0.43598  585 0.49830  785 0.55814  
185 0.39549  385 0.43924  590 0.49882  790 0.56439  
190 0.39744  390 0.44235  595 0.49931  795 0.57035  
195 0.39923  395 0.44533  600 0.49978  800 0.57606  
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805 0.58151  900 0.64961  995 0.67857  1090 0.69069  
810 0.58673  905 0.65183  1000 0.67951  1095 0.69075  
815 0.59171  910 0.65395  1005 0.68041  1100 0.69077 
820 0.59648  915 0.65597  1010 0.68128  1105 0.69077 
825 0.60103  920 0.65791  1015 0.68210  1110 0.69078 
830 0.60539  925 0.65976  1020 0.68289  1115 0.69078 
835 0.60955  930 0.66153  1025 0.68364  1120 0.69078 
840 0.61353  935 0.66323  1030 0.68436  1125 0.69079 
845 0.61733  940 0.66484  1035 0.68505  1130 0.69079 
850 0.62097  945 0.66639  1040 0.68571  1135 0.69079 
855 0.62445  950 0.66787  1045 0.68634  1140 0.69079 
860 0.62777  955 0.66928  1050 0.68694  1145 0.69079 
865 0.63095  960 0.67063  1055 0.68751  1150 0.69079 
870 0.63399  965 0.67193  1060 0.68806  1155 0.69079 
875 0.63689  970 0.67316  1065 0.68859  1160 0.69079 
880 0.63967  975 0.67434  1070 0.68909  1165 0.69079 
885 0.64233  980 0.67547  1075 0.68957  1170 0.69079 
890 0.64486  985 0.67655  1080 0.69003  1175 0.69079 
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Appendix C  
Experimental Data of Finned-Tube 
Adsorption Apparatus 
 
Table C.1 Experimental uptake data at cooling water temperature of 20°C (by 

















0.0 0.0000 165.0  0.5957 330.0  0.8132  495.0  0.9477 
5.0 0.0599 170.0  0.5957 335.0  0.8190  500.0  0.9434 
10.0 0.1066 175.0  0.6044 340.0  0.8234  505.0  0.9550 
15.0 0.1548 180.0  0.6205 345.0  0.8439  510.0  0.9667 
20.0 0.1767 185.0  0.6234 350.0  0.8380  515.0  0.9653 
25.0 0.2073 190.0  0.6599 355.0  0.8395  520.0  0.9521 
30.0 0.2467 195.0  0.6541 360.0  0.8511  525.0  0.9667 
35.0 0.2759 200.0  0.6701 365.0  0.8424  530.0  0.9653 
40.0 0.2978 205.0  0.6628 370.0  0.8570  535.0  0.9711 
45.0 0.3110 210.0  0.6701 375.0  0.8585  540.0  0.9682 
50.0 0.3329 215.0  0.6774 380.0  0.8643  545.0  0.9667 
55.0 0.3387 220.0  0.6876 385.0  0.8643  550.0  0.9842 
60.0 0.3781 225.0  0.6949 390.0  0.8614  555.0  0.9799 
65.0 0.4132 230.0  0.7052 395.0  0.8760  560.0  0.9871 
70.0 0.4132 235.0  0.7314 400.0  0.8745  565.0  0.9945 
75.0 0.4088 240.0  0.7314 405.0  0.8877  570.0  0.9842 
80.0 0.4307 245.0  0.7387 410.0  0.8745  575.0  0.9945 
85.0 0.4497 250.0  0.7387 415.0  0.8993  580.0  0.9857 
90.0 0.4628 255.0  0.7460 420.0  0.8891  585.0  0.9901 
95.0 0.5037 260.0  0.7548 425.0  0.8950  590.0  0.9945 
100.0 0.5081 265.0  0.7460 430.0  0.8935  595.0  0.9901 
105.0 0.5300 270.0  0.7519 435.0  0.9110  600.0  1.0105 
110.0 0.5300 275.0  0.7709 440.0  0.9072  605.0  0.9901 
115.0 0.5270 280.0  0.7621 445.0  0.9185  610.0  1.0090 
120.0 0.5373 285.0  0.7811 450.0  0.9288  615.0  1.0076 
125.0 0.5490 290.0  0.7855 455.0  0.9375  620.0  1.0076 
130.0 0.5548 295.0  0.7869 460.0  0.9317  625.0  1.0134 
135.0 0.5592 300.0  0.7986 465.0  0.9317  630.0  1.0061 
140.0 0.5519 305.0  0.7913 470.0  0.9360  635.0  1.0193 
145.0 0.5811 310.0  0.8000 475.0  0.9346  640.0  1.0237 
150.0 0.5679 315.0  0.8059 480.0  0.9404  645.0  1.0222 
155.0 0.5781 320.0  0.8030 485.0  0.9404  650.0  1.0178 
160.0 0.5971 325.0  0.8176 490.0  0.9536  655.0  1.0324 
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Table C.1 Experimental uptake data at cooling water temperature of 20°C 
(continued) 
Time (s) Uptake 
(g/g) 
Time (s) Uptake 
(g/g) 
Time (s) Uptake 
(g/g) 
Time (s) Uptake 
(g/g) 
660.0 1.0266  850.0  1.0762  1040.0  1.0894  1230.0 1.1127  
665.0 1.0237  855.0  1.0748  1045.0  1.1069  1235.0  1.0981  
670.0 1.0280  860.0  1.0850  1050.0  1.0952  1240.0  1.0996  
675.0 1.0441  865.0  1.0704  1055.0  1.1025  1245.0  1.1010  
680.0 1.0310  870.0  1.0762  1060.0  1.0981  1250.0  1.0981  
685.0 1.0324  875.0  1.0762  1065.0  1.0923  1255.0  1.1040  
690.0 1.0310  880.0  1.0806  1070.0  1.1040  1260.0  1.0894  
695.0 1.0455  885.0  1.0850  1075.0  1.1127  1265.0  1.1083  
700.0 1.0339  890.0  1.0864  1080.0  1.0952  1270.0  1.1040  
705.0 1.0397  895.0  1.0806  1085.0  1.0996  1275.0  1.1025  
710.0 1.0339  900.0  1.0820  1090.0  1.0996  1280.0  1.1069  
715.0 1.0368  905.0  1.0908  1095.0  1.1054  1285.0  1.1083  
720.0 1.0485  910.0  1.0718  1100.0  1.0952  1290.0  1.1080  
725.0 1.0441  915.0  1.0864  1105.0  1.0996  1295.0  1.1010  
730.0 1.0528  920.0  1.0820  1110.0  1.1069  1300.0  1.1112  
735.0 1.0441  925.0  1.0748  1115.0  1.1112  1305.0  1.1047  
740.0 1.0543  930.0  1.0850  1120.0  1.0937  1310.0  1.1040  
745.0 1.0587  935.0  1.0820  1125.0  1.1127  1315.0  1.0996  
750.0 1.0528  940.0  1.0835  1130.0  1.1054  1320.0  1.1010  
755.0 1.0543  945.0  1.0820  1135.0  1.0908  1325.0  1.1025  
760.0 1.0572  950.0  1.0894  1140.0  1.1069  1330.0  1.1054  
765.0 1.0499  955.0  1.0777  1145.0  1.0981  1335.0  1.1017  
770.0 1.0485  960.0  1.0879  1150.0  1.0981  1340.0  1.1010  
775.0 1.0631  965.0  1.0908  1155.0  1.0966  1345.0  1.0996  
780.0 1.0660  970.0  1.0966  1160.0  1.1142  1350.0  1.1069  
785.0 1.0660  975.0  1.0864  1165.0  1.0981  1355.0  1.0981  
790.0 1.0660  980.0  1.0835  1170.0  1.0981  1360.0  1.1142  
795.0 1.0528  985.0  1.1054  1175.0  1.0981  1365.0  1.0981  
800.0 1.0616  990.0  1.0835  1180.0  1.1025  1370.0  1.1069  
805.0 1.0660  995.0  1.0966  1185.0  1.1112  1375.0  1.1040  
810.0 1.0631  1000.0  1.0820  1190.0  1.1025  1380.0  1.1056  
815.0 1.0631  1005.0  1.0952  1195.0  1.1156  1385.0  1.1100  
820.0 1.0791  1010.0  1.0981  1200.0  1.1040  1390.0  1.1173  
825.0 1.0675  1015.0  1.0981  1205.0  1.1083  1395.0  1.1202  
830.0 1.0543  1020.0  1.0835  1210.0  1.0908  1400.0  1.1085  
835.0 1.0777  1025.0  1.1010  1215.0  1.1010    
840.0 1.0704  1030.0  1.1010  1220.0  1.0966    
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Table C.2 Experimental uptake data at cooling water temperature of 25°C (by 

















0.0  0.0000  195.0  0.4960  390.0  0.7521  585.0  0.8974  
5.0  0.0004  200.0  0.4914  395.0  0.7568  590.0  0.8974  
10.0  0.0415  205.0  0.4993  400.0  0.7600  595.0  0.9020  
15.0  0.0724  210.0  0.5061  405.0  0.7663  600.0  0.9049  
20.0  0.0947  215.0  0.5082  410.0  0.7678  605.0  0.9167  
25.0  0.1400  220.0  0.5131  415.0  0.7760  610.0  0.9265  
30.0  0.1918  225.0  0.5311  420.0  0.7842  615.0  0.9219  
35.0  0.2177  230.0  0.5315  425.0  0.7772  620.0  0.9308  
40.0  0.2162  235.0  0.5361  430.0  0.7871  625.0  0.9236  
45.0  0.2270  240.0  0.5581  435.0  0.7791  630.0  0.9316  
50.0  0.2345  245.0  0.5567  440.0  0.7867  635.0  0.9462  
55.0  0.2604  250.0  0.5711  445.0  0.7933  640.0  0.9424  
60.0  0.2629  255.0  0.5768  450.0  0.7864  645.0  0.9483  
65.0  0.2710  260.0  0.5751  455.0  0.7940  650.0  0.9493  
70.0  0.2881  265.0  0.6056  460.0  0.8103  655.0  0.9436  
75.0  0.3048  270.0  0.6111  465.0  0.7958  660.0  0.9495  
80.0  0.3179  275.0  0.6137  470.0  0.8152  665.0  0.9468  
85.0  0.3292  280.0  0.6117  475.0  0.8198  670.0  0.9484  
90.0  0.3338  285.0  0.6295  480.0  0.8113  675.0  0.9516  
95.0  0.3520  290.0  0.6372  485.0  0.8174  680.0  0.9490  
100.0  0.3615  295.0  0.6473  490.0  0.8191  685.0  0.9460  
105.0  0.3739  300.0  0.6551  495.0  0.8268  690.0  0.9549  
110.0  0.3953  305.0  0.6423  500.0  0.8331  695.0  0.9494  
115.0  0.3993  310.0  0.6569  505.0  0.8429  700.0  0.9612  
120.0  0.4067  315.0  0.6625  510.0  0.8377  705.0  0.9570  
125.0  0.4108  320.0  0.6697  515.0  0.8414  710.0  0.9648  
130.0  0.4191  325.0  0.6814  520.0  0.8492  715.0  0.9577  
135.0  0.4204  330.0  0.6941  525.0  0.8557  720.0  0.9595  
140.0  0.4240  335.0  0.7025  530.0  0.8617  725.0  0.9612  
145.0  0.4299  340.0  0.7096  535.0  0.8668  730.0  0.9614  
150.0  0.4337  345.0  0.7130  540.0  0.8727  735.0  0.9646  
155.0  0.4385  350.0  0.7039  545.0  0.8674  740.0  0.9708  
160.0  0.4473  355.0  0.7084  550.0  0.8762  745.0  0.9667  
165.0  0.4664  360.0  0.7018  555.0  0.8696  750.0  0.9672  
170.0  0.4806  365.0  0.7181  560.0  0.8757  755.0  0.9617  
175.0  0.4794  370.0  0.7245  565.0  0.8791  760.0  0.9663  
180.0  0.4803  375.0  0.7379  570.0  0.8839  765.0  0.9636  
185.0 0.4881  380.0  0.7383  575.0  0.8833  770.0  0.9641  
190.0  0.4962  385.0  0.7430  580.0  0.8895  775.0  0.9600  
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780.0  0.9749  975.0  1.0051  1170.0  1.0183  1365.0  1.0287  
785.0  0.9723  980.0  0.9956  1175.0  1.0188  1370.0  1.0279  
790.0  0.9595  985.0  1.0093  1180.0  1.0138  1375.0  1.0375  
795.0  0.9700  990.0  1.0010  1185.0  1.0087  1380.0  1.0368  
800.0  0.9673  995.0  1.0044  1190.0  1.0151  1385.0  1.0258  
805.0  0.9749  1000.0  1.0007  1195.0  1.0129  1390.0  1.0237  
810.0  0.9648  1005.0  1.0129  1200.0  1.0237  1395.0  1.0318  
815.0  0.9682  1010.0  1.0150  1205.0  1.0127  1400.0  1.0297  
820.0  0.9684  1015.0  1.0082  1210.0  1.0106  1405.0  1.0210  
825.0  0.9704  1020.0  0.9928  1215.0  1.0259  1410.0  1.0238  
830.0  0.9726  1025.0  1.0034  1220.0  1.0148  1415.0  1.0363  
835.0  0.9753  1030.0  1.0076  1225.0  1.0198  1420.0  1.0296  
840.0  0.9790  1035.0  1.0104  1230.0  1.0263  1425.0  1.0232  
845.0  0.9704  1040.0  1.0008  1235.0  1.0183  1430.0  1.0254  
850.0  0.9693  1045.0  0.9985  1240.0  1.0175  1435.0  1.0349  
855.0  0.9713  1050.0  1.0020  1245.0  1.0196  1440.0  1.0342  
860.0  0.9810  1055.0  1.0127  1250.0  1.0160  1445.0  1.0368  
865.0  0.9741  1060.0  1.0219  1255.0  1.0240  1450.0  1.0344  
870.0  0.9894  1065.0  1.0158  1260.0  1.0174  1455.0  1.0361  
875.0  0.9812  1070.0  1.0211  1265.0  1.0137  1460.0  1.0357  
880.0  0.9874  1075.0  1.0179  1270.0  1.0320  1465.0  1.0354  
885.0  0.9906  1080.0  1.0170  1275.0  1.0211  1470.0  1.0318  
890.0  0.9881  1085.0  1.0016  1280.0  1.0218  1475.0  1.0415  
895.0  0.9770  1090.0  1.0007  1285.0  1.0285  1480.0  1.0463  
900.0  0.9920  1095.0  1.0116  1290.0  1.0219  1485.0  1.0397  
905.0  0.9967  1100.0  1.0195  1295.0  1.0212  1490.0  1.0436  
910.0  1.0003  1105.0  1.0013  1300.0  1.0204  1495.0  1.0519  
915.0  0.9892  1110.0  1.0223  1305.0  1.0268  1500.0  1.0424  
920.0  0.9868  1115.0  1.0141  1310.0  1.0115    
925.0  0.9960  1120.0  1.0061  1315.0  1.0225    
930.0  0.9979  1125.0  1.0208  1320.0  1.0293    
935.0  1.0029  1130.0  1.0243  1325.0  1.0344    
940.0  1.0021  1135.0  1.0079  1330.0  1.0321    
945.0  0.9966  1140.0  1.0100  1335.0  1.0183    
950.0  0.9985  1145.0  1.0122  1340.0  1.0321    
955.0  0.9961  1150.0  1.0113  1345.0  1.0139    
960.0  0.9951  1155.0  1.0046  1350.0  1.0205    
965.0  1.0057  1160.0  1.0213  1355.0  1.0329    
970.0  1.0105  1165.0  1.0075  1360.0  1.0336    
 
 
Appendix C Experimental Data of Finned-Tube Adsorption Apparatus  
¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯¯ 
    - 189 - 
Table C.3 Experimental uptake data at cooling water temperature of 30°C (by 

















0.0  0.000 195.0  0.504 390.0  0.687 585.0  0.807 
5.0  0.004 200.0  0.509 395.0  0.698 590.0  0.785 
10.0  0.024 205.0  0.497 400.0  0.691 595.0  0.796 
15.0  0.032 210.0  0.515 405.0  0.708 600.0  0.810 
20.0  0.090 215.0  0.510 410.0  0.699 605.0  0.799 
25.0  0.123 220.0  0.526 415.0  0.719 610.0  0.806 
30.0  0.160 225.0  0.512 420.0  0.709 615.0  0.807 
35.0  0.174 230.0  0.528 425.0  0.728 620.0  0.816 
40.0  0.195 235.0  0.535 430.0  0.716 625.0  0.795 
45.0  0.206 240.0  0.544 435.0  0.729 630.0  0.798 
50.0  0.212 245.0  0.546 440.0  0.719 635.0  0.803 
55.0  0.233 250.0  0.555 445.0  0.718 640.0  0.810 
60.0  0.250 255.0  0.556 450.0  0.729 645.0  0.823 
65.0  0.266 260.0  0.543 455.0  0.720 650.0  0.823 
70.0  0.279 265.0  0.568 460.0  0.717 655.0  0.826 
75.0  0.300 270.0  0.566 465.0  0.729 660.0  0.818 
80.0  0.307 275.0  0.583 470.0  0.731 665.0  0.822 
85.0  0.311 280.0  0.597 475.0  0.734 670.0  0.819 
90.0  0.312 285.0  0.592 480.0  0.736 675.0  0.825 
95.0  0.325 290.0  0.588 485.0  0.735 680.0  0.816 
100.0  0.325 295.0  0.609 490.0  0.738 685.0  0.835 
105.0  0.332 300.0  0.612 495.0  0.740 690.0  0.852 
110.0  0.339 305.0  0.618 500.0  0.739 695.0  0.843 
115.0  0.351 310.0  0.608 505.0  0.747 700.0  0.823 
120.0  0.372 315.0  0.601 510.0  0.754 705.0  0.837 
125.0  0.372 320.0  0.619 515.0  0.755 710.0  0.853 
130.0  0.389 325.0  0.625 520.0  0.779 715.0  0.836 
135.0  0.386 330.0  0.617 525.0  0.775 720.0  0.832 
140.0  0.392 335.0  0.644 530.0  0.779 725.0  0.857 
145.0  0.396 340.0  0.660 535.0  0.781 730.0  0.843 
150.0  0.408 345.0  0.656 540.0  0.776 735.0  0.842 
155.0  0.412 350.0  0.647 545.0  0.777 740.0  0.866 
160.0  0.432 355.0  0.669 550.0  0.785 745.0  0.850 
165.0  0.435 360.0  0.676 555.0  0.775 750.0  0.839 
170.0  0.453 365.0  0.664 560.0  0.776 755.0  0.849 
175.0  0.470 370.0  0.669 565.0  0.780 760.0  0.856 
180.0  0.472 375.0  0.683 570.0  0.789 765.0  0.872 
185.0 0.477 380.0  0.664 575.0  0.783 770.0  0.865 
190.0  0.491 385.0  0.670 580.0  0.803 775.0  0.872 
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780.0  0.879 975.0  0.920 1170.0  0.951 1365.0  0.958 
785.0  0.875 980.0  0.910 1175.0  0.924 1370.0  0.936 
790.0  0.882 985.0  0.920 1180.0  0.949 1375.0  0.938 
795.0  0.876 990.0  0.917 1185.0  0.952 1380.0  0.936 
800.0  0.885 995.0  0.925 1190.0  0.934 1385.0  0.946 
805.0  0.878 1000.0  0.907 1195.0  0.925 1390.0  0.949 
810.0  0.893 1005.0  0.899 1200.0  0.930 1395.0  0.956 
815.0  0.884 1010.0  0.909 1205.0  0.936 1400.0  0.948 
820.0  0.889 1015.0  0.924 1210.0  0.945 1405.0  0.945 
825.0  0.891 1020.0  0.927 1215.0  0.945 1410.0  0.952 
830.0  0.887 1025.0  0.932 1220.0  0.928 1415.0  0.950 
835.0  0.877 1030.0  0.913 1225.0  0.934 1420.0  0.946 
840.0  0.890 1035.0  0.919 1230.0  0.939 1425.0  0.945 
845.0  0.896 1040.0  0.922 1235.0  0.939 1430.0  0.931 
850.0  0.882 1045.0  0.934 1240.0  0.949 1435.0  0.936 
855.0  0.891 1050.0  0.921 1245.0  0.947 1440.0  0.953 
860.0  0.895 1055.0  0.913 1250.0  0.932 1445.0  0.940 
865.0  0.898 1060.0  0.918 1255.0  0.929 1450.0  0.936 
870.0  0.875 1065.0  0.925 1260.0  0.929 1455.0  0.929 
875.0  0.895 1070.0  0.941 1265.0  0.934 1460.0  0.933 
880.0  0.908 1075.0  0.920 1270.0  0.942 1465.0  0.933 
885.0  0.890 1080.0  0.924 1275.0  0.951 1470.0  0.945 
890.0  0.887 1085.0  0.930 1280.0  0.955 1475.0  0.955 
895.0  0.898 1090.0  0.936 1285.0  0.961 1480.0  0.945 
900.0  0.907 1095.0  0.947 1290.0  0.958 1485.0  0.957 
905.0  0.888 1100.0  0.937 1295.0  0.946 1490.0  0.948 
910.0  0.893 1105.0  0.917 1300.0  0.955 1495.0  0.966 
915.0  0.904 1110.0  0.941 1305.0  0.939 1500.0  0.959 
920.0  0.910 1115.0  0.931 1310.0  0.936   
925.0  0.888 1120.0  0.940 1315.0  0.959   
930.0  0.881 1125.0  0.922 1320.0  0.951   
935.0  0.890 1130.0  0.938 1325.0  0.946   
940.0  0.916 1135.0  0.935 1330.0  0.951   
945.0  0.910 1140.0  0.941 1335.0  0.929   
950.0  0.901 1145.0  0.941 1340.0  0.943   
955.0  0.892 1150.0  0.935 1345.0  0.932   
960.0  0.895 1155.0  0.937 1350.0  0.948   
965.0  0.889 1160.0  0.925 1355.0  0.955   
970.0  0.918 1165.0  0.948 1360.0  0.959   
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Table C.4 Experimental uptake data at cooling water temperature of 35°C (by 

















0.0  0.001 195.0  0.244 390.0  0.458 585.0  0.606 
5.0  0.027 200.0  0.278 395.0  0.463 590.0  0.606 
10.0  0.041 205.0  0.278 400.0  0.458 595.0  0.605 
15.0  0.043 210.0  0.277 405.0  0.467 600.0  0.599 
20.0  0.064 215.0  0.269 410.0  0.464 605.0  0.602 
25.0  0.061 220.0  0.283 415.0  0.475 610.0  0.630 
30.0  0.042 225.0  0.274 420.0  0.485 615.0  0.633 
35.0  0.057 230.0  0.287 425.0  0.488 620.0  0.626 
40.0  0.058 235.0  0.293 430.0  0.490 625.0  0.629 
45.0  0.091 240.0  0.314 435.0  0.499 630.0  0.626 
50.0  0.085 245.0  0.317 440.0  0.485 635.0  0.630 
55.0  0.088 250.0  0.334 445.0  0.514 640.0  0.645 
60.0  0.075 255.0  0.328 450.0  0.520 645.0  0.621 
65.0  0.087 260.0  0.331 455.0  0.512 650.0  0.627 
70.0  0.099 265.0  0.325 460.0  0.512 655.0  0.634 
75.0  0.114 270.0  0.352 465.0  0.515 660.0  0.657 
80.0  0.124 275.0  0.344 470.0  0.526 665.0  0.638 
85.0  0.100 280.0  0.346 475.0  0.535 670.0  0.650 
90.0  0.124 285.0  0.337 480.0  0.526 675.0  0.651 
95.0  0.123 290.0  0.331 485.0  0.512 680.0  0.692 
100.0  0.129 295.0  0.350 490.0  0.521 685.0  0.671 
105.0  0.165 300.0  0.362 495.0  0.538 690.0  0.689 
110.0  0.186 305.0  0.365 500.0  0.539 695.0  0.671 
115.0  0.187 310.0  0.375 505.0  0.539 700.0  0.683 
120.0  0.178 315.0  0.367 510.0  0.551 705.0  0.694 
125.0  0.178 320.0  0.366 515.0  0.560 710.0  0.698 
130.0  0.177 325.0  0.391 520.0  0.562 715.0  0.698 
135.0  0.189 330.0  0.385 525.0  0.545 720.0  0.697 
140.0  0.203 335.0  0.403 530.0  0.556 725.0  0.710 
145.0  0.214 340.0  0.391 535.0  0.559 730.0  0.704 
150.0  0.187 345.0  0.394 540.0  0.566 735.0  0.716 
155.0  0.208 350.0  0.396 545.0  0.588 740.0  0.710 
160.0  0.211 355.0  0.413 550.0  0.582 745.0  0.700 
165.0  0.230 360.0  0.430 555.0  0.582 750.0  0.704 
170.0  0.253 365.0  0.433 560.0  0.585 755.0  0.704 
175.0  0.245 370.0  0.425 565.0  0.585 760.0  0.701 
180.0  0.247 375.0  0.422 570.0  0.593 765.0  0.695 
185.0 0.245 380.0  0.418 575.0  0.606 770.0  0.713 
190.0  0.250 385.0  0.422 580.0  0.614 775.0  0.698 
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780.0  0.703 975.0  0.750 1170.0  0.788 1365.0  0.805 
785.0  0.719 980.0  0.750 1175.0  0.809 1370.0  0.809 
790.0  0.709 985.0  0.746 1180.0  0.800 1375.0  0.809 
795.0  0.724 990.0  0.752 1185.0  0.799 1380.0  0.802 
800.0  0.721 995.0  0.758 1190.0  0.796 1385.0  0.817 
805.0  0.724 1000.0  0.770 1195.0  0.791 1390.0  0.817 
810.0  0.728 1005.0  0.764 1200.0  0.799 1395.0  0.811 
815.0  0.718 1010.0  0.782 1205.0  0.799 1400.0  0.803 
820.0  0.721 1015.0  0.770 1210.0  0.797 1405.0  0.808 
825.0  0.719 1020.0  0.774 1215.0  0.788 1410.0  0.814 
830.0  0.716 1025.0  0.770 1220.0  0.793 1415.0  0.818 
835.0  0.713 1030.0  0.771 1225.0  0.793 1420.0  0.809 
840.0  0.724 1035.0  0.771 1230.0  0.797 1425.0  0.811 
845.0  0.716 1040.0  0.782 1235.0  0.800 1430.0  0.802 
850.0  0.722 1045.0  0.786 1240.0  0.805 1435.0  0.817 
855.0  0.727 1050.0  0.780 1245.0  0.794 1440.0  0.820 
860.0  0.734 1055.0  0.788 1250.0  0.806 1445.0  0.827 
865.0  0.725 1060.0  0.776 1255.0  0.806 1450.0  0.818 
870.0  0.734 1065.0  0.786 1260.0  0.805 1455.0  0.822 
875.0  0.746 1070.0  0.779 1265.0  0.809 1460.0  0.812 
880.0  0.749 1075.0  0.780 1270.0  0.803 1465.0  0.832 
885.0  0.745 1080.0  0.776 1275.0  0.803 1470.0  0.824 
890.0  0.755 1085.0  0.774 1280.0  0.794 1475.0  0.835 
895.0  0.743 1090.0  0.789 1285.0  0.799 1480.0  0.820 
900.0  0.744 1095.0  0.785 1290.0  0.806 1485.0  0.837 
905.0  0.752 1100.0  0.773 1295.0  0.809 1490.0  0.828 
910.0  0.747 1105.0  0.789 1300.0  0.803 1495.0  0.839 
915.0  0.752 1110.0  0.788 1305.0  0.805 1500.0  0.830 
920.0  0.752 1115.0  0.776 1310.0  0.815   
925.0  0.755 1120.0  0.773 1315.0  0.814   
930.0  0.749 1125.0  0.777 1320.0  0.814   
935.0  0.758 1130.0  0.771 1325.0  0.802   
940.0  0.753 1135.0  0.780 1330.0  0.815   
945.0  0.752 1140.0  0.783 1335.0  0.809   
950.0  0.752 1145.0  0.785 1340.0  0.818   
955.0  0.756 1150.0  0.798 1345.0  0.809   
960.0  0.761 1155.0  0.786 1350.0  0.803   
965.0  0.759 1160.0  0.780 1355.0  0.826   
970.0  0.753 1165.0  0.775 1360.0  0.805   
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